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The MHC II–EGFP knock-in mouse model enables us to visualize and track
MHC-II-expressing cells in vivo by expressing enhanced green fluorescent pro-
tein (EGFP) fused to the MHC class II molecule under the MHC II beta chain
promoter. Using this model, we can easily identify MHC-II-expressing cells,
including dendritic cells, B cells, macrophages, and ILC3s, which play a key
role as antigen-presenting cells (APCs) for CD4+ T cells. In addition, we can
also precisely identify and analyze APC-containing tissues and organs. Even
after fixation, EGFP retains its fluorescence, so this model is suitable for im-
munofluorescence studies, facilitating an unbiased characterization of the his-
tological context, especially with techniques such as light-sheet fluorescence
microscopy. Furthermore, the MHC II–EGFP knock-in mouse model is valu-
able for studying the molecular mechanisms of MHC II gene regulation and ex-
pression by making it possible to correlate MHC II expression (MHC II–EGFP)
with surface fraction through antibody detection, thereby shedding light on the
intricate regulation of MHC II expression. Overall, this model is an essential
asset for quantitative and systems immunological research, providing insights
into immune cell dynamics and localization, with a tool for precise cell identi-
fication and with the ability to study MHC II gene regulation, thus furthering
the understanding of immune responses and underlying mechanisms © 2023
The Authors. Current Protocols published by Wiley Periodicals LLC.
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INTRODUCTION

Despite significant advances in immunological research and in the development of imag-
ing methods, quantitative aspects of the immune system within complex, whole-organism
contexts have been surprisingly overlooked thus far. This knowledge gap highlights the
need for functional models that capture the general features of the immune system, es-
pecially for emerging systems immunology approaches aimed at characterizing com-
plex immunological processes holistically. One of the key molecules driving adaptive
responses is the MHC class II glycoprotein, which is expressed by antigen-presenting
cells (APCs)—crucial regulators of helper and regulatory CD4+ T cells—found in all
tissues and in large numbers in primary and secondary lymphoid organs.

Developed two decades ago, the MHC II–EGFP knock-in mouse model holds signifi-
cant promise in conjunction with the current trend toward quantitative analytical tools in
immunology research (Boes et al., 2002; Pačes et al., 2022). These tools include compre-
hensive omics techniques and single-cell analysis and enable us to accurately and swiftly
quantify events under dynamic and heterogeneous conditions. By introducing fluores-
cent trackers into mouse models and leveraging advanced microscopy techniques along-
side powerful quantitative analysis tools, such as 3D sample imaging, we can overcome
antibody-induced artifacts and collect data in situ, within specific histological contexts.

The MHC II–EGFP knock-in mouse model, which physiologically expresses enhanced
green fluorescent protein (EGFP) fused to the MHC II beta chain, driven by the nor-
mal transcriptional regulatory elements, provides us with a valuable tool for identify-
ing APCs in tissues while simultaneously avoiding potential artifacts associated with
antibody-based approaches (Boes et al., 2002; Pačes et al., 2022). Using this model, we
can also identify, quantify, and precisely excise not easily detectable APC-containing or-
gans, such as lymph nodes or Peyer’s patches, for subsequent histological and cytometric
analysis. Furthermore, the fluorescence properties of EGFP are retained even after fix-
ation with aldehyde fixatives, supporting a precise subcellular localization of MHC II
class molecules, by differentiation of MHC-II-loading compartments from the plasma
membrane, colocalization studies with markers of specific APC types, and examination
of cellular interactions within tissues and organs.

The advantages of the MHC II–EGFP model also include the use of light-sheet fluores-
cence microscopy (LSFM) for visualizing APCs in situ without requiring sectioning in
whole organisms or organs. This non-invasive imaging technique, particularly effective
when applied to transparent organs such as the eye, facilitates a detailed characteriza-
tion of APCs in the cornea and limbus. This technology, in combination with clearing
methods, also enables 3D imaging of fixed naturally non-translucent organs (Pačes et al.,
2022). In vitro studies using cells cultured from MHC II–EGFP mice have shown that
they are similar to cells from normal, non-fluorescently-tagged mice in a physiologi-
cal environment but differentiate APCs from bone marrow hematopoietic cells, thereby
enabling us to study these cells using advanced microscopy techniques in vivo. In par-
ticular, videomicroscopy may unveil the cellular mechanisms involved in key immune
events, such as antigen-dependent polarized exocytosis towards the immune synapse
(Boes et al., 2002).Pačes et al.
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In addition to its applications in immunology research, the MHC II–EGFP knock-in
mouse model opens up opportunities for studying milk composition, specifically the
presence of professional APCs. With this model, researchers can gain insights into the
functional morphology of immune organs, including the absolute quantification and char-
acterization of individual variability. By advancing our understanding of the functional
organization of not only the immune system but also other physiological processes, this
model may contribute to rewriting textbooks and identifying new phenomena.

NOTE: All protocols involving animals must be reviewed and approved by the appropri-
ate Animal Care and Use Committee and must follow regulations for the care and use of
laboratory animals. Appropriate informed consent is necessary for obtaining and use of
human study material.

BASIC
PROTOCOL 1

CHARACTERIZATION OF ANTIGEN-SPECIFIC MHC II LOADING
COMPARTMENT TUBULATION TOWARD THE IMMUNOLOGICAL
SYNAPSE

The MHC II–EGFP knock-in mouse model provides a valuable platform for the in
vivo characterization of antigen presentation phenomena, ranging from the molecular to
whole-animal levels. Recent advancements in imaging techniques, combined with geneti-
cally engineered organismal models expressing fluorescent proteins, have revolutionized
multiple disciplines in experimental biology. These developments have paved the way
for rewriting textbooks and uncovering new phenomena, including the antigen-specific
tubulation of the MHC II loading compartment in dendritic cells (DCs) toward the im-
munological synapse.

DCs are essential regulators of immune reactions and belong to the category of profes-
sional APCs. They have a unique ability to integrate danger and “stranger” molecular
patterns. DC-mediated T cell activation is a pivotal event in the activation of immune
reactivity. The MHC II–EGFP knock-in mouse serves as a suitable source of DCs, col-
lected either directly as primary cells from relevant tissues or through differentiation from
hematopoietic stem cells, such as those derived from the bone marrow. These cells can be
loaded with a model antigen (e.g., ovalbumin) to examine their interaction with cognate
T cells expressing the appropriate antigen-specific T cell receptor (OT II).

The high resolution of live-cell imaging microscopy provides us with the ability to not
only perform long-term imaging of cell-to-cell interactions without causing significant
photodamage, using routine methodologies such as spinning-disc technology, but also
study immunological synapse formation and characterize fluorescently labeled MHC II
loading compartment under various conditions. By acquiring multiple videomicroscopy
datasets depicting diverse antigen-presentation scenarios (e.g., different types of mate-
rial presented via MHC II and cognate T cell receptor specificity, the activation status of
interacting cells, molecules interfering with the process), we can accurately quantify en-
dosomal tubulation toward the immune synapse, including measuring tubule length and
directionality.

Combining the MHC II–EGFP knock-in mouse model with advanced imaging techniques
offers a powerful approach to investigating antigen presentation dynamics and uncover-
ing intricate details of cellular interactions within the immune system. This knowledge
fosters the development of immunological theory, with broader implications for under-
standing immune responses and designing targeted therapeutic strategies.

Materials

Mice: MHC II–EGFP knock-in mice (8 weeks old, males and females, bred in
house) Pačes et al.
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D-PBS/2.5% FBS (see recipe)
RBC Lysis Buffer (Thermo Fisher Scientific, cat. no. J62150.AK)
DMEM culture medium (see recipe: phenol-red-free DMEM/10% FBS with

L-glutamine and HEPES, supplemented with GM-CSF and IL-4)
Lipopolysaccharide (LPS; ultrapure from Escherichia coli strain 0111:B4 [LPS-EB

ultrapure], InvivoGen, cat. no. tlrl-3pelps)
DMEM culture medium with OVA (see recipe)
8-week-old OT II mice (Charles River Laboratories)
Hoechst 33258 (Molecular Probes–Invitrogen, cat. no. H3569)
Phenol-red-free RPMI 1640 with L-glutamine (Life Technologies, cat. no.

11835030)
1.0 M HEPES (Thermo Fisher Scientific, cat. no. J16924.AE)

50-ml Falcon tubes (Eppendorf, cat. no. 0030122178)
25-G needle and 2-ml plastic syringe
Dissecting instruments (scissors, forceps)
1.5-ml microcentrifuge tubes
2.5-, 20-, 200-, and 1000-μl mechanical pipets
Cell strainer, 40 μm pore size (VWR, cat. no. 734-2760)
Centrifuge (Eppendorf, model no. 5810R, or similar)
6-well microplates (2000 μl/well medium capacity)
25-mm circular glass coverslips
CO2 incubator set to 5% CO2 and 37°C
Frost microscopy slides
Bürker counting chamber
Magnetic-activated cell sorter (MACS; Miltenyi Biotech)
Inverted Zeiss 200M microscope equipped with a 63× objective (1.4-NA PlanApo)

and spinning-disc confocal head (PerkinElmer, Wellesley, MA)
Temperature-controlled open perfusion chamber (20/20 Technology, Wilmington,

NC)
Slidebook (Intelligent Imaging Innovation, Denver, CO)

Preparation and culture of bone-marrow-cell-derived DCs (BMDCs)
1. Euthanize MHC II–EGFP knock-in mouse by cervical dislocation.

Repeat the experiment to provide at least three biological replicates (using three mice)
and prepare at least three technical replicates from each mouse.

Because readouts are fluorescence based (i.e., confocal microscopy, flow cytometry) and
not feasible using non-fluorescently labeled cells, control mice are usually not included in
experiments for the characterization of the MHC II antigen-specific vesicular trafficking.
Control experiments comparing the typical (physiological) behavior of class II MHC–
EGFP molecules have been published (Boes et al., 2002).

2. Working under sterile conditions, dissect the femurs and tibia using scissors and
forceps, and cut the epiphyses out using scissors and opening the diaphysis.

3. Using a needle and syringe with 0.5 ml D-PBS/2.5% FBS, flush cells out from the
femur and tibia diaphysis marrow cavity into a 40-μm nylon cell strainer placed in
a 50-ml conical Falcon tube to remove tissue debris.

4. Remove erythrocytes by osmotic shock by adding 10 ml RBC Lysis Buffer per
milliliter of cellular suspension and incubating for 10-15 min at room temperature.
Centrifuge 5 min at 500 × g, room temperature, and resuspend the pellet in the
appropriate volume of DMEM culture medium (phenol-red-free DMEM/10% FBS
with 25 mM HEPES, 10 ng/ml GM-CSF, and 1 ng/ml IL-4).

Pačes et al.
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5. Plate cells at a density of 1 × 106 cells (quantified first using a Bürker counting
chamber) per well of a 6-well plate in 2 ml of the same DMEM culture medium.

6. Carefully insert a sterilized 25-mm circular coverslip into each well using forceps in
the incubator (37°C, 5% CO2) and incubate for 5 days, changing the medium every
second day (that is, on days 3 and 5).

7. On day 2, remove non-adherent cells by gently washing, and replace half of the
medium.

8. If activated APCs are of interest, activate the cells by adding 10 μg of 5 μg/ml LPS
to corresponding wells of the 6-well plate on day 4 for the last 20 h of culture.

Antigen presentation in real time
9. Culture dendritic cells to a concentration of 1 × 106 cell/well in a 6-well culture

plate with one 25-mm circular glass coverslip in each well, as described in steps
1-7, but using 2 ml/well DMEM culture medium supplemented with 300 μM OVA.

This step is performed to induce the presentation of antigen-derived peptides on class II
molecules. Cell concentration is determined by counting cells using a Bürker counting
chamber.

10. Wash DCs three times with DMEM culture medium (without OVA), each time by
gently removing ∼90% DMEM medium and washing using 2 ml medium.

Alternatively, DCs can be isolated by positive sorting using the MACS apparatus and
anti-CD11c antibody according to the manufacturer’s instructions (Miltenyi Biotec) to
achieve a purity of >95% CD11c+ DCs.

11. Sacrifice one male or female 8-week-old OTII mouse (as ordered from Charles River
Laboratories) by cervical dislocation.

12. Acquire the OVA-specific OT II T cells from the lymph nodes of the OT II mouse:
dissect lymph nodes, e.g., subiliac lymph nodes, using scissors and forceps, prepare
a cell suspension by crushing the lymph nodes between two frost microscopy slides
and resuspending the cells into DMEM, and quantify them using a Bürker counting
chamber.

In OTII mice, CD4 T cells account for 25% of all cells purified from spleen and/or lymph
nodes using a T cell purification kit, resulting in a >95% pure T cell population).

13. Label OVA-specific T cells (0.5 × 106) isolated and pooled from different lymph
nodes by adding Hoechst 33258 to 2 μg/ml and return to the CO2 incubator for 30
min. Next, wash the cells three times with phenol-red-free RPMI 1640, each time
by gently removing ∼90% of the medium, adding 2 ml medium, resuspending, and
centrifuging for 5 min at 300 × g.

14. Add the 1-ml aliquots of OT II T cell suspensions to each well of the 6-well plate
from step 9 (containing DCs growing on 25-mm circular glass coverslips) and
quickly centrifuge at 600 × g, room temperature, to bring the cells into contact with
each other.

15. Transfer the 25-mm circular glass coverslips into the temperature-controlled open
perfusion chamber.

16. Maintain cells in phenol-red-free DMEM medium with 25 mM HEPES and 10%
FBS at 37°C in a temperature-controlled open perfusion chamber or use similar
equipment compatible with your microscopic setup.

17. Perform videomicroscopy analysis immediately and after 2 and 6 hr. Imaging can be
performed using an inverted Zeiss 200M microscope equipped with a × 63 objective Pačes et al.
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(1.4-NA PlanApo) and a spinning-disc confocal head or any other suitable imaging
system for long-term videomicroscopy.

18. Use Slidebook for image acquisition and data processing, or choose other software
solutions.

The analyzed images could contain conjugates between dendritic cells (MHC II clearly
intracellularly positive in the endosomal/MHC II loading compartment) and T cells (pos-
itive for Hoechst 33258 signal). The optimal imaging setup is a combination of brightfield
(demarcation of the cellular shapes, EGFP fluorescence, in green) and Hoechst 33258
fluorescence (blue); typical examples are provuded in Figure 5 of Boes et al. (2002).

19. Score of DC phenotypes on the acquired datasets for the ability to induce tubula-
tion within 2 hr of addition of OTII T cells. At least 100 DCs should be analyzed
independently, by two unbiased individuals, for the induction of tubulation (Bertho
et al., 2003).

The characteristics evaluated there are the length of all the MHC II positive tubules and
their directionality towards the immunological synapse—examples of scoring are pro-
vided in Figure 5 of Boes et al. (2002) and Figure 5 of Bertho et al. (2003).

BASIC
PROTOCOL 2

CHARACTERIZATION AND COMPARISON OF OVERALL AND SURFACE
MHC II EXPRESSION

The MHC II–EGFP knock-in mouse model offers a unique tool for comparing the overall
MHC II expression (based on EGFP fluorescence intensity) with the surface expression,
which can reflect the differentiation or activation status of a particular cell population.
The combination of the endogenous fluorescent tag with surface antibody-based labeling
is compatible with in vivo conditions; the only alternative for overall MHC II expression
quantification consists of cell fixation and permeabilization protocols. In this protocol
we introduce a straightforward tool for identifying the overall versus surface MHC II
expression in the mesenteric lymph nodes (MLNs). Our model enables a user to omit
the steps of multiple staining with fluorophore-tagged antibodies, including the fixation
and permeabilization steps, which are needed to identify intracellular markers for flow
cytometry. This protocol enables further staining with other extracellular markers without
compromising fluorescence performance, as may occur through fixation.

Materials

Mice: 8-week-old MHC II–EGFP knock-in (kindly provided by Marianne Boes,
University Medical Center Utrecht, Utrecht, The Netherlands) and 8-week-old
C57BL/6 female mice (Charles River Laboratories)

3% FBS RPMI (see recipe), ice cold
10 mg/ml collagenase D (see recipe)
0.5 M ethylenediaminetetraacetic acid calcium disodium salt hydrate (EDTA;

Sigma-Aldrich, cat. no. 23411-34-9)
1000×-diluted Fc block solution (see recipe)
Cell staining buffer (see recipe)
APC/Fire

TM
750 anti-mouse CD45 antibody (clone 30-F11, cat. no. 103154,

Biolegend; see recipe)
APC anti-mouse CD19 antibody (clone 6D5, cat. no. 115512, Biolegend; see

recipe)
PE-Cy

TM
7 hamster anti-mouse CD11c (clone HL3; cat. no. 558079, BD

Bioscience; see recipe)
MHC II single-stain control (APC/cyanine 7 [APC-Cy7] anti-mouse I-A/I-E

antibody, clone M5/114.15.2, cat. no. 107628, Biolegend; see recipe)
Distilled H2O

Pačes et al.

6 of 40

Current Protocols

 26911299, 2023, 11, D
ow

nloaded from
 https://currentprotocols.onlinelibrary.w

iley.com
/doi/10.1002/cpz1.925 by U

trecht U
niversity L

ibrary, W
iley O

nline L
ibrary on [30/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



1× PBS (see recipe)
200× Sytox Blue (see recipe)

Dissecting instruments (scissors, forceps)
Zeiss SteREO Lumar V12 stereomicroscope (objective: Zeiss ApoLumar S 1.2×,

FWD 47 mm)
1.5-ml microcentrifuge tubes (Biologix, cat. no. 80-1500)
2.5-, 20-, 200-, and 1000-μl mechanical pipets
Thermoblock: Eppendorf ThermoMixer Comfort
Cell strainer, 40 μm pore size (VWR, cat. no. 734-2760)
Refrigerated centrifuge (Eppendorf, model no. 5810R) or similar
Vortex
96-well microplates (200 μl/well)
High Throughput Sampler (HTS; BD Biosciences)
LSR II flow cytometer (BD Biosciences)
FlowJo analysis software (https://www.flowjo.com/ )

1. Euthanize the mice by cervical dislocation.

In the following steps, use both MHC II–EGFP knock-in mouse and wild-type mouse,
which will be needed in steps 14 and 15 as unstained and single-stain controls. For correct
statistical analysis, it is advisable to use six mice of each genotype as an experimental
animal dataset.

2. Under the fluorescence stereomicroscope, carefully remove the mesenteric lymph
nodes (MLNs), and quickly transfer them into a small petri dish filled with 1× PBS.

3. On a petri dish, separate the individual nodules. Strip them of any residual adipose
tissue (see Basic Protocol 3).

4. Transfer the individual MLNs into 1.5-ml microcentrifuge tubes containing 360 μl
of 3% FBS RPMI, keeping them on ice.

5. Cut individual MLNs into small pieces with scissors.

6. Add 40 μl of 10 mg/ml collagenase solution and incubate the tubes at 37°C in the
thermoblock (550 rpm) for 40 min.

7. Add 600 μl of 3% FBS RPMI to each sample.

8. Add 4 μl of 0.5 M EDTA to each sample, mix thoroughly, and then pipet the mixture
through a cell strainer into a clean microcentrifuge tube.

EDTA stops the enzyme activity.

9. Centrifuge the samples for 5 min at 300 × g, 4°C.

10. Discard the supernatant and resuspend the samples in 100 μl of 1000×-diluted Fc
block solution to prevent nonspecific antibody binding. Incubate for 10 min.

11. Transfer the samples to a 96-well plate.

12. Centrifuge the samples again for 5 min at 300 × g, 4°C.

13. Prepare a mix of antibodies (CD45, MHC II, CD19, and CD11c) using 50 μl of
solution per node. Also prepare samples for single-stain controls for CD45, MHC
II, CD19, and CD11c, as well as unstained MHC II–EGFP control and wild-type
(C57BL/6 mouse) control.

For the CD45 single-stain control, add 0.3 μl APC/Fire
TM

750 anti-mouse
CD45 antibody to the 60 μl of cell staining buffer (to 1 μg/ml final).

Pačes et al.
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Figure 1 Gating strategy for comparing MHC class II expression intracellularly and extracellularly. First, live
cells are gated (A), and then doublets are discriminated (B). Live cells are selected from singlets by Sytox Blue
staining (C). CD45+ cells (D) are classified into four groups according to the endogenous expression of MHC
II–EGFP and the fluorescence intensity of the anti-MHC-II antibody (E), i.e., as intracellular MHC II, MHC II
turnover, and extracellular MHC II. Additional staining with CD11c and CD19 reveals that subpopulations based
on their intra-/extracellular MHC II expression heterogeneously express these markers (F).

For the CD11c single-stain control, add 0.4 μl PE-Cy
TM

7 hamster anti-mouse
CD11c to the 60 μl of cell of staining buffer (to 1.33 μg/ml final).

For the CD19 single-stain control, add 1.5 μl APC anti-mouse CD19
antibody to the 60 μl of cell staining buffer (to 5 μg/ml final).

For the MHC II single-stain control, use pre-prepared 1000×-diluted
APC-Cy7 anti-mouse I-A/I-E antibody as the staining buffer (to 0.2 μg/ml
final); this avoids inaccuracy caused by adding too small amount of
antibody.

14. Using 50 of antibody mix per node, stain the samples with the respective antibodies
(single-stain controls + antibody mix) for 25 min, on ice, in the dark.

15. Wash the samples twice by centrifuging them for 5 min at 300 × g, 4°C, discarding
the buffer, and resuspending them in 200 μl cell staining buffer.

16. Centrifuge samples again for 5 min at 300 × g, 4°C. Add 198 μl cell staining buffer
to each sample.

17. Add 2 μl of 200× Sytox Blue to each sample.

18. Measure the samples using a BD High Throughput Sampler (HTS), using 160 μl of
the 200 μl of sample at speed 1.5.

19. Analyze data using FlowJo
TM

v10.8.1 with the gating strategy shown in Figure 1.

20. Gate cells according to the FSC and SSC parameters

21. Exclude singlets using FSC-H and FSC-A parameters.

22. Exclude death cells by gating Sytox-negative cells.

23. Gate CD45+ cells.

24. Gate cells according to the EGFP/MHC II and anti-MHC II APC-Cy7 mean flu-
orescence intensity (MFI) ratio into (a) intracellular, i.e., no APC-Cy7 signal; (b)
extracellular, i.e., linear ratio of EGFP and APC-Cy7 MFI = 1; and (c) turnover,
i.e., GFP MFI/APC-Cy7 ratio > 1 (this population is clearly outside the extracellu-
lar population) (Fig. 1E and F).

Pačes et al.
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BASIC
PROTOCOL 3

IDENTIFICATION AND PREPARATION OF THE LYMPHOID ORGANS

The MHC II–EGFP knock-in mouse model provides us with a valuable tool for accu-
rately identifying lymphoid organs, which typically contain MHC-II-expressing cells.
These cells play a key role in local immune regulation via antigen presentation of
exogenous or autophagy-derived antigens. However, lymphoid organs in mouse mod-
els are relatively small, often embedded within the surrounding tissue, and difficult to
distinguish by the naked eye. Therefore, the precise identification and excision of these
specific tissues are crucial for further processing, analysis, and data interpretation. Quan-
titative analysis requires extracting the entire lymphoid structure and identifying all rel-
evant anatomical components. Simultaneously, flow cytometry and light-sheet fluores-
cence microscopy (LSFM) require completely removing adipose tissue residues. The
MHC II–EGFP knock-in mouse model leverages the contrast between the fluorescence
signal and background autofluorescence, making it possible to clearly identify all lym-
phoid tissues under a fluorescence stereomicroscope and to excise them precisely from
surrounding tissue (Pačes et al., 2022).

Previous anatomic research has identified a total of 22 lymphatic nodes in the mouse
body (Van den Broeck et al., 2006). By direct fluorescence labeling, we can efficiently
and precisely identify all these lymph nodes. Additionally, this protocol provides detailed
instructions for identifying and excising individual Peyer’s patches (PPs) and for isolating
the mesenteric lymph node (MLN) complex into separate nodes, which are responsible
for draining specific segments of the intestine.

In this protocol, we introduce a tool for identifying lymphoid organs, making it possible
to prepare the entire set for individual characterization using various techniques such as
flow cytometry, histology, and whole-mount microscopy. This approach serves as a valu-
able method for comprehensive, quantitative immunological studies, particularly when
simultaneously phenotyping the entire lymphoid system. With this protocol, researchers
can accurately identify and analyze lymphoid organs, thereby gaining a deeper under-
standing of their structure, function, and immunological significance.

Materials

Mice: 8-week-old MHC II–EGFP knock-in female mice (kindly provided by
Marianne Boes, University Medical Center Utrecht, Utrecht, The Netherlands)

1× PBS (see recipe)
Paraformaldehyde (Sigma-Aldrich, cat. no. 158127)
3% FBS RPMI (see recipe)

Dissecting plate
Ophthalmology scissors (MEDIN)
Pins
Straight-tip precision tweezers (P-lab)
Petri dishes
Zeiss SteREO Lumar.V12 stereomicroscope (objective: Zeiss ApoLumar S 1.2×,

FWD 47 mm)

Identification of the lymphoid organs
1a. Euthanize the MHC II–EGFP knock-in mouse by cervical dislocation.

The number of mice depends on the further use of the dissected tissues. For the correct
statistical analysis, it is advisable to use six mice as an experimental animal dataset.
The protocol that follows describes the method for a single mouse.

2a. Use scissors to make an incision along the skin from the tail to the neck, without
puncturing any underlying structures. Pačes et al.
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Figure 2 Skin- and muscle-localized lymphoid organs of the MHC II–EGFP knock-in mouse.Lym-
phoid organs of the MHC II–EGFP knock-in mouse model can be identified under the fluorescent
stereomicroscope at 488-nm excitation and 20× magnification. (A) Complex of lymph nodes on
the neck. (B and C) Accessory axillary lymph nodes. (D and E) Proper axillary lymph nodes. (F
and G) Proper and accessory axillary lymph nodes. (H and I) Subiliac lymph nodes. (J and K)
Popliteal lymph nodes. Scale bars, 1 mm.

3a. Open the skin and use pins to secure it onto the dissecting plate for stabilization.

4a. Position the mouse under the fluorescence stereomicroscope at 488-nm excitation
and select a magnification between 9.6× and 20×, depending on the lymphoid
organ under examination.

5a. Locate the subiliac lymph node, situated at the primary intersection of blood vessels
on the exposed skin surface (see Fig. 2H and 2I).

6a. Identify the popliteal lymph node by rotating the leg 180° and observing this node
in the popliteal region (see Fig. 3J and K).

7a. Identify the proper axillary and accessory axillary lymph nodes within the armpit
area (see Fig. 2B-G).

8a. Shift focus to the neck region and individually locate the mandibular, accessory
mandibular, and superficial parotid lymph nodes (see Figs. 2A and 3A and B).

9a. Carefully cut the peritoneal cavity and identify the mesenteric lymph nodes (see
Fig. 4).

10a. Remove the stomach and intestines from the peritoneal cavity.

11a. Identify the caudal mesenteric lymph nodes (see Fig. 4B) and the sciatic lymph
nodes (see Fig. 4D).

12a. Identify the pancreaticoduodenal, gastric, and renal lymphoid complex (see Fig.
4A).

13a. Open the thoracic cavity and locate the thymus (see Fig. 3E and F).

14a. Identify the caudal deep cervical, cranial mediastinal, and tracheobronchial lym-
phoid complex (see Fig. 3D and F).

15a. Identify the caudal mediastinal lymphoid complex (see Fig. 3C).Pačes et al.
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Figure 3 Lymphoid organs of the MHC II–EGFP knock-in mouse localized in the neck and in the
thoracic cavity. Lymphoid organs of the MHC II–EGFP knock-in mouse model can be identified
under the fluorescent stereomicroscope at 488-nm excitation and 20× magnification except for
the thymus, which requires only 10× magnification. (A) Complex of lymph nodes on the left side
of the neck, namely mandibular, accessory mandibular, and superficial parotid lymph nodes. (B)
Complex of lymph nodes on the right side of the neck. (C) Caudal mediastinal lymphoid complex.
(D) Tracheobronchial lymph nodes. (E) Thymus. (F) Tracheobronchial lymph nodes with upper tip
of the thymus. Scale bars, 1 mm.

Figure 4 Lymphoid organs of the MHC II–EGFP knock-in mouse localized in the peritoneal cav-
ity. Lymphoid organs of the MHC II–EGFP knock-in mouse model can be identified under the
fluorescent stereomicroscope at 488-nm excitation and 20× magnification except for mesenteric
lymph nodes, which require only 10× magnification. (A) Pancreaticoduodenal, gastric, and renal
lymphoid complex. (B) Caudal mesenteric lymph nodes. (C) Mesenteric lymph nodes. (D) Sciatic
lymph nodes. Scale bars, 1 mm. Pačes et al.
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Figure 5 Mesenteric lymph node complex (MLN) of the MHC II–EGFP knock-in mouse in situ.
Magnified view of the peritoneal cavity after removal of the upper intestinal folds with 488-nm
excitation and 9.6× magnification (scale bar, 1 mm). (A) MLNs drain the small intestine. Colonic
MLN (cMLN) is hidden under the intestinal fold. (B) The entire MLN complex is segmented to the
individual nodes. The colonic MLN is uncovered in the bottom right corner. Pictures were taken
using a Zeiss SteREO Lumar.V12 stereomicroscope.

Excision of individual mesenteric lymph nodes (MLN)
1b. Euthanize the mouse using cervical dislocation.

2b. Open the peritoneal cavity.

3b. Position the mouse under the fluorescence stereomicroscope at 488-nm excitation
and set the magnification to 9.6×.

4b. Gently manipulate several intestinal folds from left to right until a distinct fluores-
cent mesenteric lymph node (MLN) complex becomes visible (see Fig. 5A).

5b. Excise the entire MLN complex, making sure to remove the colon draining node
as well; this node may not be closely attached to the rest of the complex and could
be concealed beneath the intestinal fold on the right side.

6b. Transfer the excised complex to a petri dish containing 1× PBS. Carefully elim-
inate any remaining adipose tissue (non-fluorescent tissue surrounding the MLN)
using sharp-tipped tweezers and scissors.

7b. Using the same tools, separate the individual nodes from the MLN complex (see
Fig. 5B).

Excision of individual Peyer’s patches and cecal patch
1c. Euthanize the mouse by cervical dislocation.

2c. Open the peritoneal cavity.

3c. Excise the entire gastrointestinal tract (GTI) between the stomach and rectum and
transfer the GTI to a petri dish filled with PBS.

4c. Begin by slowly straightening the intestine from the beginning, removing the
mesenterial and connective tissue, which hinder the unfolding of the folds (refer
to Fig. 6A).

5c. Place the mouse under a fluorescence stereomicroscope at 488-nm excitation and
set the magnification to 12×.

6c. Using sharp-tipped tweezers and scissors, precisely excise each Peyer’s patch (PP)
one by one, targeting the edge of the fluorescence signal (refer to Fig. 6B and C).

Pačes et al.
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Figure 6 Peyer’s patches (PPs) of the MHC II–EGFP knock-in mouse in situ. PPs are clearly
visible under the stereomicroscope at 488-nm excitation. (A) Straightened small intestine. Bright
structures on the intestinal surface marked with red arrows are PPs. Individual images with 12×
magnification were stitched in Arivis 4D software. (B) A single PP with clearly distinct boundaries;
12× magnification; scale bar, 1 mm. (C) The cecal patch in situ; 12× magnification; scale bar,
1 mm.

7c. Immediately wash the excised Peyer’s patches in PBS to remove any remnants of
intestinal content on the luminal side of the tissue.

8c. Depending on its planned further use, either fix the tissue in 3.8% paraformalde-
hyde for microscopy (it can potentially be stored at 4°C for up to 1 week, not more,
due to the danger of enhance autofluorescence) or immediately transfer to 3% FBS
RPMI for subsequent tissue dissociation and flow cytometry.

BASIC
PROTOCOL 4

QUANTIFICATION AND MEASUREMENT OF INTESTINAL LYMPHOID
TISSUE BY FLUORESCENCE STEREOMICROSCOPY

The MHC II–EGFP knock-in mouse model enables us to directly visualize antigen-
presenting cells (APCs) and to accurately quantify individual lymphoid cell accumu-
lations. This approach can thus be used not to study cell morphology but also to perform
surface measurements without additional processing steps such as fixation, cutting, or
staining. Avoiding these procedures mitigates a wide range of artifacts. However, the
morphology of the immune tissue in the gastrointestinal tract (GIT) undergoes devel-
opmental changes, showing variations between individuals and mouse models (Gama
et al., 2020). Additionally, the size and number of individual structures are affected by
interactions with the microbiota (Kernbauer et al., 2014). These differences have only
been sporadically studied even though the GIT immune system is quantitatively and
functionally significant within the broader immune system. In this study, we present a
methodological toolbox for quantifying the lymphoid tissue in the GIT, which reflects
the hierarchical organization of the GIT, including the lamina propria, scattered intesti-
nal lymphoid tissue, and Peyer’s patches. This toolbox serves as a quick and straightfor-
ward experimental approach for phenotyping the entire lymphoid structures relevant to
the mouse GIT and considers various factors such as development, sex, individual vari-
ability, infection, microbiota imbalance/modification, and genetics, including transgenic
technologies. A notable advantage is the enhanced fluorescence observed in the lamina
propria within individual villi, which enables a precise ex vivo quantification in situ with-
out requiring standard histological methodologies prone to artifacts. By employing this
methodological toolbox, researchers can gain deeper insights into the organization and
tuning of the gastrointestinal immune system, which in turn has significant implications
for understanding systemic immune responses. Pačes et al.
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Figure 7 Quantification of villi in the small intestine of the MHC II–EGFP knock-in mouse. Indi-
vidual villi are visualized as fluorescence-emitting spots in the small intestine. 1-mm squares were
randomly placed in each of the two sections, i.e., (A) proximal jejunum and (B) distal ileum, at 16×
magnification.

Materials

Mice: 8-week-old MHC II–EGFP knock-in mice (kindly provided by Marianne
Boes, University Medical Center Utrecht, Utrecht, the Netherlands)

1× PBS (see recipe)

Straight-tip precision tweezers (P-LAB)
Ophthalmology scissors (MEDIN)
Petri dishes
1000-μl micropipet
Zeiss SteREO Lumar.V12 stereomicroscope (objective: Zeiss ApoLumar S 1.2×,

FWD 47 mm)

Extraction of small intestine
1. Euthanize the mouse by cervical dislocation.

For quantitative experiments, we use a group of at least five mice for the statistical
analysis

2. Open the peritoneal cavity.

3. Excise the entire gastrointestinal tract (GIT) between the stomach and rectum and
transfer the GIT to a petri dish filled with 1× PBS.

Proceed with the desired quantification and/or measurement steps as described in the
five sets of steps below.

Quantification of intestinal villi
4a. Remove the small intestine and divide it into three approximately equally long

segments for washing.

5a. Use an automatic pipet with a 1000-μl micropipet tip to repeatedly rinse each seg-
ment individually with PBS until most of the chyme and mucus is flushed out.

6a. Place the washed sample under a fluorescence stereomicroscope at 488-nm excita-
tion and set the magnification to 16×.

7a. Once individual villi (GPF-tagged) are clearly visible (due to the high content of
MHC II–EGFP+ cells), take pictures of the proximal jejunum and distal ileum
(approximately corresponding to the area of the first and last Peyer’s patches) under
the stereomicroscope (refer to Fig. 7A and B).

8a. Use the Arivis 4D software to quantify the intestinal villi.
Pačes et al.
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9a. Adjust the image settings to ensure a clear distinction of individual villi.

10a. Randomly select three 1-mm2 areas within each segment, i.e., three squares for the
proximal jejunum (refer to Fig. 7A) and three squares for the distal ileum (refer to
Fig. 7B).

11a. Manually mark the villi within each square using the object tool.

12a. Calculate the average number of villi per mm2 for each segment. The average value
for the entire intestine can be approximated as the average of these values.

Our observation reveals a gradient in average density of villi in the direction from the
proximal jejunum (43 ± 5 villi/mm2) to the distal ileum (76 ± 21 villi/mm2; see Figure
1 in Pačes et al., 2022).

Quantification of intestinal villi (alternate)
4b. Divide the intestine into six segments of equal lengths.

5b. Using an automatic pipet with a 1000-μl micropipet tip, repeatedly rinse each in-
dividual segment with PBS until flushing out most of the chyme and mucus.

6b. Place the sample under a fluorescence stereomicroscope at 488-nm excitation and
set the magnification to 16×.

7b. Take pictures of all six segments when individual villi are clearly visible, under the
stereomicroscope.

8b. Open the image files in Arivis 4D software and adjust the image settings to clearly
distinguish individual villi.

9b. Randomly select three (or more) 1-mm2 areas within each segment, resulting in a
total of 18 squares.

10b. Manually mark the villi within each square using the object tool in the software.

11b. Calculate the average number of villi per mm2 for each segment. The average value
for the entire intestine can be approximated as the average of these values.

Quantification of solitary intestinal lymphoid tissue (SILT)
4c. Place the sample under a fluorescence stereomicroscope at 488-nm excitation and

set the magnification to 12×.

5c. Take sequential pictures of the entire intestine, with at least 20% overlap between
each image.

6c. Manually fuse the images using the Tile Sorter module in Arivis 4D software.

7c. Use the object tool in the software to accurately mark individual follicles (refer to
Fig. 89A).

8c. Based on the surface area of individual follicles, their volume can also be estimated
because the structure predominantly runs parallel to the surface (refer to Fig. 8A-
C).

9c. Since the intestine does not have a specific lateral orientation, SITL data on one
side of the intestine can be extrapolated to the other side.

Measurement of PPs and their subunits
4d. Place the sample under a fluorescence stereomicroscope at 488-nm excitation and

set the magnification to 16×.

Pačes et al.
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Figure 8 Visualization of solitary lymphoid intestinal tissue (SILT) of the MHC II–EGFP knock-
in mouse model by stereo- and light-sheet fluorescence microscopy. Segmentation of individual
follicles using the object tool is shown in picture A. (B, C and D) Different views of a single follicle.
MHC II+ cells are marked in green. (E, F, and G) The same views with autofluorescence in the red
channel and manually segmented nuclei of individual cells.

Figure 9 Measurement of PPs of the MHC II–EGFP knock-in mouse model using stereomi-
croscopy. Individual PP subunits are segmented in the left part of the figure, whereas the area
of the PP is measured using Arivis 4D software in the right part of the figure.

5d. Take sequential images of all Peyer’s patches (PP) present.

6d. Using the measure tool in Arivis 4D software, manually measure the area of each
PP and calculate the number of its subunits as shown in Figure 9.

Measurement of intestinal surface
4e. Carefully cut away all ligaments to relax the intestinal folds and spirals

precisely.Pačes et al.
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5e. Gently straighten the small intestine on the Petri dish filled with PBS, ensuring
that the thickness of the layer approximately matches the thickness of the small
intestine and avoiding stretching or deforming the small intestine in any way.

6e. Place the sample under a fluorescence stereomicroscope at 488-nm excitation and
set the magnification to 12×.

7e. Capture sequential images of the entire intestine with at least 20% overlap between
each image.

8e. Manually fuse the images using the Tile Sorter module in Arivis 4D software.

9e. Measure the length of the small intestine.

10e. Divide the small intestine into six segments of equal length and measure the thick-
ness of the small intestine at the five points where the segments border each other.
Calculate the average thickness of the small intestine from these five measure-
ments.

Use the formula for calculating the surface area of a cylinder (2π × r × h) to approx-
imate the value of the surface area of the intestine. Substitute the calculated average
thickness of the small intestine as “r” and the length of the intestine as čhč in the for-
mula. The mean length of the intestine is 262.4 mm and the mean thickness, including
the five measured point in each mouse, is 2.69 mm. The total mean external surface is
therefore 2217 mm2 (Pačes et al., 2022).

BASIC
PROTOCOL 5

QUANTIFICATION OF APC CONTENT IN LYMPHOID ORGANS BY
LIGHT-SHEET FLUORESCENCE MICROSCOPY

Despite significant advancements in the field of quantitative immunology, the availabil-
ity of quantitative data on physiological functions, particularly on immune cells, remains
limited. For this reason, researchers often rely on relative data, analyzed and interpreted
disregarding the broader context of the entire system. This lack of detailed quantitative
studies is surprising given that even minor variations in cell counts or population propor-
tions can have profound functional implications. Comprehensive quantitative research
on specific immune cell populations must be thus conducted under both physiological
and pathological conditions. For this purpose, quantitative systems immunological ap-
proaches are essential as they enable us to calculate exact and semi-exact values, which
are imperative for accurate data interpretation. Light-sheet microscopy offers an unparal-
leled opportunity for studying whole cleared organs in situ, applying unique microscopic
methods. These methods are particularly advantageous when using the MHC II–EGFP
model, which exploits the bright and relatively photostable localization of endogenous
MHC II expression through the EGFP tag. By leveraging such quantitative immunolog-
ical approaches and innovative imaging techniques, researchers can gain unprecedented
insights into the dynamics and functionality of the entire immune system, leading to a
more comprehensive understanding of immune responses and their implications in vari-
ous physiological and pathological contexts.

Materials

Mice: 8-week-old MHC II–EGFP knock-in mice (kindly provided by Marianne
Boes, University Medical Center Utrecht, Utrecht, The Netherlands)

1× PBS (see recipe)
Paraformaldehyde (Sigma-Aldrich, cat. no. 158127)
CUBIC 1 clearing solution (see recipe)
CUBIC wash solution (see recipe)
DRAQ5 Fluorescent Probe Solution (5 mM; Thermo Fisher Scientific, cat. no.

62251) Pačes et al.
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Sodium azide (Sigma-Aldrich, cat. no. S8032)
CUBIC 2 clearing solution (see recipe)
Saccharose (Penta chemicals, cat. no. 24970-31000)

Straight-tip precision tweezers (P-LAB)
Ophthalmology scissors (MEDIN)
Petri dishes
2.5-, 20-, 200-, and 1000-μl micropipets
Zeiss SteREO Lumar.V12 stereomicroscope (objective: Zeiss ApoLumar S 1.2×,

FWD 47 mm)
Analog Abbe refractometer AR4 (Krüss)
Zeiss Z.1 light-sheet microscope with a RI 1.45 clearing chamber (illumination

objectives: Zeiss LSFM clearing 10×/0.2; detection objective: Zeiss Clr PN
20×/1.0K)

Krazy glue, Elmer’s products
Huygens Professional software
Scientific Volume Imaging B.V. Arivis Vision4D software, version 3.6.2

Sample preparation for quantification of APCs in lymphoid organs
1. Euthanize the mouse by cervical dislocation.

For correct statistical analysis, using six mice as an experimental animal dataset is
advised. The following protocol presents the method for a single mouse.

2. Open the peritoneal cavity.

3. Excise the small intestine and transfer it to a petri dish.

4. Place the small intestine under a fluorescence stereomicroscope at 488-nm excita-
tion and 16× magnification.

5. Dissect ∼6-mm-long sections from the proximal jejunum near the first Peyer’s
patch (PP) and the distal ileum surrounding the last PP.

6. Fix the sections in 3.8% paraformaldehyde at 4°C for 12 hr.

7. Wash the samples three times in 1× PBS.

8. Clear the samples using CUBIC 1 clearing solution for 7 days at 37°C, ensuring
that the samples are protected from light to prevent bleaching.

9. Wash the samples three times in CUBIC wash solution at 37°C for at least 1 hr.

10. Stain the samples with DRAQ5
TM

Fluorescent Probe Solution, diluted 10,000×
in 1 ml PBS with 0.01% sodium azide, for 7 days at 4°C. One again, protect the
samples from light to prevent bleaching.

11. Wash the samples three times in PBS at 4°C for at least 1 hr.

12. Transfer the samples to CUBIC 2 clearing solution for 4 days at 37°C to match
the refractive index. Ensure that the samples are shielded from light to prevent
bleaching.

13. Measure the exact refractive index of the solution at the imaging temperature before
imaging under the light-sheet fluorescence microscope. Set this precise refractive
index value on the correction ring of the microscope objective.

14. Using glue, attach the cleared sample to a syringe and insert it into the sample
holder.

Pačes et al.
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Figure 10 Visualization of scattered intestinal lymphoid tissue using light-sheet fluorescence mi-
croscopy. (A) MHC II–EGFP+ cells in the small intestine. (B) With red channel for autofluorescence
added. All nuclei of MHC II+ cells were marked using an object tool.

Quantification of APCs in intestinal villi
15a. Under a light-sheet microscope with a clearing setup of 1.45, acquire z-stacks of

three randomly selected villi from a specific section. Perform scanning in three
channels: one for DRAQ5, one for GFP, and one in the red end of the spectrum to
detect autofluorescence.

16a. Open the image in Arivis Vision 4D software and adjust the contrast to clearly
distinguish individual cells. Use the object tool to manually mark the nuclei of
individual cells (Fig. 10A and B).

Quantification of APCs in SILT
15b. Using a light-sheet fluorescence microscope with a clearing setup of refractive in-

dex 1.45, acquire z-stacks of three randomly selected follicles from a specific sec-
tion. Perform scanning in three channels: one for DRAQ5, one for GFP, and one in
the red end of the spectrum to detect autofluorescence.

16b. Open the image in Arivis Vision 4D software and adjust the contrast to clearly
distinguish individual cells. Use the object tool to manually mark the nuclei of
individual cells (see Fig. 8). Please note that the settings required for this step will
significantly differ from those used for quantification of villi.

BASIC
PROTOCOL 6

VISUALIZATION OF CORNEAL APCs

The protocol described herein offers a valuable approach for promptly and effectively
visualizing and quantifying immune cells in the mouse eye. The MHC II–EGFP knock-
in mouse model provides a key advantage by enabling the visualization of immune cells
within this naturally translucent organ in vivo without requiring staining procedures. The
subsequent reconstruction and analysis of three-dimensional data further differentiates
two types of antigen-presenting cells, namely macrophage- and Langerhans-like cells,
based on their phenotype. This comprehensive protocol can be used to examine eyeballs
immediately after dissection, capturing the in vivo status, or after fixation, expanding its
applicability to postmortem analysis. By facilitating the characterization of immune cells
in the eye through functional histology, this method helps us understand how the immune
system is involved in ocular health and pathology.

Pačes et al.
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Figure 11 3D reconstruction of a corneal region from the MHC class II–EGFP knock-in mouse.
This reconstruction, achieved through light-sheet fluorescence microscopy (LSFM) at 20× mag-
nification, was subsequently analyzed using Arivis Vision4D software. (A) MHC II–EGFP+ cells
are highlighted in green fluorescence; a red line is included to demarcate the boundary between
the cornea and the limbus. (B) Manually segmented Langerhans-like cells, represented as colored
spheres.

Materials

Mice: 8-week-old MHC II–EGFP knock-in (kindly provided by Marianne Boes,
University Medical Center Utrecht, Utrecht, the Netherlands)

1× PBS (see recipe), ice cold
Distilled water
Paraformaldehyde (Sigma-Aldrich, cat. no. 158127)

2-ml microcentrifuge tubes
Scissors
Tweezers
Petri dishes
Zeiss Z.1 light-sheet microscope with a water chamber (illumination objectives:

Zeiss LSFM clearing 10×/0.2; detection objective: Zeiss Clr PN 20×/1.0K)
Huygens Professional software
Scientific Volume Imaging B.V. Arivis Vision4D software, version 3.6.2

1. Euthanize the mouse by cervical dislocation.

2. Remove the skin around the eyes.

3. Carefully extract the eyeball using tweezers and scissors, holding onto the optic nerve,
and place it in 1× PBS, in a petri dish located on ice.

4. Rinse the removed eyeballs in PBS and distilled H2O to clean them off of residual
tissue and hair.

5. Optional: If necessary, fix the eyeballs overnight in 2-ml microcentrifuge tubes with
3.8% paraformaldehyde in distilled water at 4°C.

6. Visualize the washed eyes immediately under a Zeiss Z.1 light-sheet fluorescence
microscope with a water chamber. Scan from the limbus to the center of the cornea.

7. Optional: To facilitate the detection of the cells during analysis, deconvolve the data
using Huygens Professional software.

8. Analyze the data in Arivis Vision4D software.

9. Manually mark and count macrophage- and Langerhans-like cells in the sample (Fig.
11A and B).
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BASIC
PROTOCOL 7

QUANTIFICATION OF MHC II+ CELLS IN MATERNAL MILK BY FLOW
CYTOMETRY

Breastfeeding is widely recognized for its numerous health benefits to newborns, such
as reducing the risk of respiratory infections and various diseases (Victora et al., 2016;
Cristofalo et al., 2013). Apart from its nutritional value, maternal milk serves as a vi-
tal source of diverse bioactive factors, including immune cells (Witkowska-Zimny &
Kaminska-El-Hassan, 2017; Laouar, 2020). Accurately and consistently characterizing
the cellular composition of mouse milk requires using appropriate cell isolation tech-
niques followed by cell staining and a precise analysis. However, mouse milk contains
various components, such as fat globules, lipid droplets, and debris, that may prevent
an accurate quantitative analysis of the cell content. With previous standard protocols,
researchers have struggled to differentiate cellular from noncellular components. In this
protocol, milk collection is performed under standard conditions without administering
oxytocin, ensuring minimal impact on the physiological parameters of dams (Muranishi
et al., 2016). Additionally, the following protocol presents a comprehensive strategy for
accurate cell identification and discrimination of noncellular content based on a modified
flow cytometric procedure described by Keller et al., 2019. Furthermore, this protocol
facilitates the determination of not only relative but also absolute numbers of immune
cells, enabling us to assess total leukocyte counts in mouse milk. Researchers can thus
gain valuable insights into the cellular dynamics and immune components of maternal
milk, thereby furthering our understanding of its significance for infant health and devel-
opment.

Materials

Mice: 8-week-old MHC II–EGFP knock-in female mice (kindly provided by
Marianne Boes, University Medical Center Utrecht, Utrecht, The Netherlands)
and 8-week-old C57BL/6 female mice (Charles River Laboratories), all recently
mated

Cell staining buffer (see recipe)
RPMI 1640 medium supplemented with L-glutamine and phenol red (Thermo

Fisher Scientific, cat. no. 21875034), ice cold
10×- and 1000×-diluted Fc block solutions (see recipe)
APC/Fire

TM
750 anti-mouse CD45 antibody (clone 30-F11, cat. no. 103154,

Biolegend; see recipe)
10×-diluted DRAQ5 (see recipe)
TruStain FcX

TM
PLUS (anti-mouse CD16/32) antibody (Biolegend, cat. no.

165604)
1 mg/ml Hoechst solution (see recipe)

Metal boxes (for mouse pup isolation)
2.5-, 20-, 200-, and 1000-μl mechanical pipets
1.5-ml microcentrifuge tubes (Biologix, cat. no. 80-1500)
Refrigerated centrifuge (Eppendorf, model no. 5810R) or similar
Vortex
96-well microplates (500 μl/well)
LSR II flow cytometer (BD Biosciences)
FlowJo v10.8.0 analysis software (https://www.flowjo.com/ )

Optional preparatory steps for milk collection from lactating mouse

The following optional steps should potentially increase milk yield, because the re-
establishment of contact between mouse and pups could lead to the physiological release
of oxytocin and higher milk production/release.
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1. On the fourth day after parturition (1 day before the experiment), place sterile metal
boxes in the mouse cages to allow the dams and their litters to become accustomed
to them.

Stressful conditions during the day of the experimental procedure could impact the re-
sults.

2. The next day (the fifth day after parturition), separate the dam from her litter by
transferring the pups to the metal boxes located in the dam’s cage.

This separation allows the accumulation of milk in the mammary glands.

3. After 3 hr of separation, open the isolation box to facilitate physical contact between
the dams and their litter for 3-5 min.

4. Observe the dam’s maternal behavior, including grooming and breastfeeding of the
pups.

Re-establishing physical contact is crucial for stimulating natural oxytocin production,
leading to stronger milk secretion.

Milk collection from lactating mouse
5. Separate the dam from the litter for 3 hr and then euthanize the dam by cervical

dislocation.

6. Gently massage the mammary glands to initiate milk collection. Collect drops of
milk using a 200-μl pipet tip. When the amount of milk collected from a particular
mammary gland decreases, move on to the next nipple.

7. Repeat step 6 several times to obtain milk from all 10 mammary glands, collect-
ing the milk in a 1.5-ml microcentrifuge tube and keeping it on ice. Complete the
milking process within 30-45 min.

8. Measure the volume of milk obtained with a 200-μl mechanical pipet, and store the
collected milk on ice until ready to proceed with step 9a or 9b.

This method typically yields 50-140 μl of milk per lactating mouse.

You can now proceed with spleen mononuclear cell (SMC) isolation, as described in
Support Protocol 7.

Cell surface staining for flow cytometry measurement
9a. Adjust the volume of the collected milk to 150 μl with cell staining buffer. Proceed

to step 11.

Perform this step if planning to include optional steps 16 and 17. This option maximizes
the number of cells obtained (omitting two washing steps), but the sample includes fat
droplets and debris.

9b. Add 1 ml ice-cold RPMI 1640 to each 1.5-ml microcentrifuge tube filled with the
collected milk. Centrifuge the tube for 10 min at 400 × g, 4°C.

In this option, the sample contains only cells.

10a. Gently remove the supernatant by pipetting and resuspend the cell pellets by
vortexing and/or pipetting.

11. Add 500 μl of 1000×-diluted Fc block solution to the cells to prevent nonspecific
antibody binding. Incubate for 10 min.

12. Centrifuge the tube for 10 min at 400 × g, 4°C.
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Table 1 Specification of Milk Samples for Flow Cytometry Measurements

Samples

1. Negative/autofluorescence control – unstained cells (from C57BL/6 mouse milk)

2. Mix (CD45 + DRAQ5) + viability staining (Hoechst 33258; from C57BL/6 mouse milk)

3. Mix (CD45 + DRAQ5) + viability staining (Hoechst 33258; from MHC II–EGFP knock-in mouse milk)

13. Carefully discard the supernatant, resuspend the cell pellet, and store it on ice for
the next step.

14. Prepare an appropriate mix of 200×-diluted CD45 antibody with 1000×-diluted
DRAQ5 in cell staining buffer (150 μl/sample). Store the mixture at 4°C in the
dark until use.

15. Add 150 μl per sample of the prechilled CD45 antibody/DRAQ5 mix (from step
15) to the cells and incubate 25 min on ice in the dark.

16. Optional: Add 1.5 μl of 10×-diluted TruStain FcX
TM

PLUS (anti-mouse CD16/32)
antibody and incubate it for 20 min on ice.

17. Optional: Add 0.75 μl CD45 antibody and 1.5 μl of 10×-diluted DRAQ5 directly
to the cell suspension and incubate 25 min on ice in the dark.

18. Wash the cells by adding 1 ml of cell staining buffer.

19. Centrifuge the samples 10 min at 400 × g, 4°C.

20. Carefully remove the supernatant, resuspend the cells, and repeat the washing step
by adding 1 ml of cell staining buffer.

21. Centrifuge the samples again for 10 min at 400 × g, 4°C.

22. Carefully remove the supernatant and resuspend the cells in 400 μl of cell staining
buffer.

23. Add Hoechst 33258 to 1 μg/ml final (a 1000× dilution of the 1 mg/ml storage
stock solution) to the appropriate samples to differentiate live from dead cells (as
indicated in Table 1).

24. Transfer the samples to a 96-well microplate on ice (see Table 1 for specifications).

25. Store the samples on ice in the dark before proceeding to flow cytometry measure-
ments.

Flow cytometry analysis
26. Analyze samples using flow cytometry analysis software, such as FlowJo v10.8.0.

27. After fluorochrome compensation, proceed to manual gating (Fig. 12).

28. For a proper gating strategy, use relevant controls (Fig. 13).

29. After doublet discrimination, plot SSC-A as a function of DRAQ5 to view the
DRAQ5+ cells.

30. From the “DRAQ5+” gate, assess live cells by plotting Hoechst as a function of
FSC-A.

31. Determine the population of CD45+ cells (plot showing SSC-A as a function of
CD45).
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Figure 12 Representative gating strategy for MHC II+ cells analysis in the maternal milk from MHC II–EGFP
knock-in mouse. (A) Raw data collected by flow cytometry. (B-D) Doublet discriminations. (E) Overall cell pop-
ulation determined by DRAQ5+ gating. (f) Differentiation of live cells (Hoechst– gating) from DRAQ5+ cells. (G)
CD45 gating of live cells. (H) MHC II–EGFP+ cell determination. The gating strategy is indicated by arrows.

Figure 13 Representative gating of negative controls used for flow cytometry analysis of MHC II+ cells in the
maternal milk of MHC II–EGFP knock-in mouse. Panels show the determination of the autofluorescence levels
of cells in channels for appropriate fluorochromes. Unstained cells are used to specify the negative populations
to define the positive populations for (A) DRAQ5+, (B) CD45+, and (C) MHC II+ cells.

32. From the “CD45+ cells” gate, plot the MHC II–EGFP+ cell population.

33. Count the absolute number of MHC II+ cells by recalculating the cell numbers by
measuring the sample volume and relate the results to the volume of collected milk.

SUPPORT
PROTOCOL 1

CELL SURFACE STAINING AND FLOW CYTOMETRY ANALYSIS OF
SPLEEN MONONUCLEAR CELLS

Compensation controls, also known as single-stain controls, play a key role in multicolor
flow cytometry experiments. These controls are essential for accurately and precisely
setting compensation values, particularly when measuring challenging samples such as
milk, with high autofluorescence and nonspecific binding to oil droplets. The levels of
compensation are commonly determined using splenocytes (spleen mononuclear cells,
SMC) derived from the spleen for their complex cellular composition, encompassing
various cell types at different activation or developmental stages. The cellular suspen-
sion derived from the spleen provides an excellent platform for optimizing the necessaryPačes et al.
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compensation values. Moreover, the spleen is abundant in MHC II+ cells and, as such,
ideal for achieving a precise compensation of spectral cross-talks with EGFP. By care-
fully setting the parameters for cell cytometry using the splenocyte suspension, re-
searchers can ensure an accurate compensation and reliable interpretation of flow cy-
tometry data.

Materials

Mice: 8-week-old MHC II–EGFP knock-in (kindly provided by Marianne Boes,
University Medical Center Utrecht, Utrecht, The Netherlands) and 8-week-old
C57BL/6 female mice (Charles River Laboratories)

RPMI 1640 medium supplemented with L-glutamine and phenol red (Thermo
Fisher Scientific, cat. no. 21875034), ice cold

RPMI 1640/10% FBS (see recipe)
Cell staining buffer (see recipe)
500×-diluted Fc block solution (see recipe)
Single-stain controls (CD45, DRAQ5) for compensation (see recipes)
APC/Fire

TM
750 anti-mouse CD45 antibody (clone 30-F11, cat. no. 103154,

Biolegend)
DRAQ5

TM
Fluorescent Probe Solution (5 mM; Thermo Fisher Scientific, cat. no.

62251)

Dissecting instruments (scissors, forceps)
1.5-ml microcentrifuge tubes (Biologix, cat. no. 80-1500)
2.5-, 20-, 200-, and 1000-μl mechanical pipets
50-ml conical centrifuge tubes (Jet Biofil, CFT-011-500)
Cell strainer, 40-μm pore size (VWR, cat. no. 734-2760)
Plunger from Inject Luer Solo, 2 ml (B. Braun, cat. no. 4606027V) single-use

syringe
Refrigerated centrifuge (Eppendorf, model no. 5810R) or similar
Vortex
Thermoblock: Thermomixer Comfort (Eppendorf)
96-well microplates (500 μl/well)
LSR II flow cytometer (BD Biosciences)
FlowJo v10.8.0 analysis software (https://www.flowjo.com/ )

Spleen mononuclear cells isolation
1. After collecting milk (Basic Protocol 7), remove the mouse spleen from C57BL/6

and MHC II–EGFP knock-in mice using scissors and forceps. Transfer the spleen
to 1.5-ml microcentrifuge tubes containing 1 ml RPMI/10% FBS and keep it on ice
until the next step.

2. Prepare 50-ml conical centrifuge tubes and label them accordingly. Place a 40-μl
cell strainer on the top of each tube.

3. Transfer the spleen along with 1 ml RPMI/10% FBS onto the cell strainer.

4. Mince the spleen using the flat end of a plunger from a sterile 2-ml syringe.

5. Wash the cell strainer with 10 ml RPMI/10% FBS and then discard it.

6. Prepare new 50-ml conical tubes with new 40-μl cell strainers.

7. Transfer the cell suspension to a new tube and discard the strainer.

8. Fill the cell suspension up to 20 ml with RPMI/10% FBS and resuspend the cells.

9. Repeat steps 1-8 for all samples and keep them on ice for flow cytometry staining.
Pačes et al.
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Table 2 Specification of Samples for Compensation

Samples

1. Negative/autofluorescence control – unstained cells (SMC from C57BL/6 mouse)

2. Positive control – viability staining (Hoechst 33258+; SMC from C57BL/6 mouse)

3. Positive control – CD45+ (SMC from C57BL/6 mouse)

4. Positive control – DRAQ5+ (SMC from C57BL/6 mouse)

5. Positive control – EGFP+ (SMC from MHC II–EGFP knock-in mouse)

6. Mix (CD45 + DRAQ5) + viability staining (Hoechst 33258; SMC from MHC II–EGFP knock-in mouse)

Cell surface staining
10. Prepare single-stain controls for CD45 and DRAQ5, mix CD45 antibody (200×

dilution) with DRAQ5 (1000× dilution) in cell staining buffer, and store these solu-
tions at 4°C in the dark (see recipes in Reagents and Solutions).

11. Transfer 200 μl of the cell suspension isolated from mouse spleens to 1.5-ml micro-
centrifuge tubes. Repeat this step for all samples, as indicated in Table 2. Keep the
cells on ice at all times.

12. Add 200 μl of 500×-diluted Fc block solution to each sample and incubate them for
10 min on ice.

13. Centrifuge the samples at 400 × g for 10 min at 4°C, along with the milk samples
from Basic Protocol 7, step 11.

14. Discard the supernatant and resuspend the cell pellet by vortexing.

15. Incubate the cells with the mixture of antibodies for 25 min on ice in the dark, to-
gether with the milk samples from Basic Protocol 7, step 18.

16. Add 100 μl cell staining buffer to the samples that are not being stained.

17. Optional: During the staining procedure, divide the positive control sample for vi-
ability staining (refer to Table 2) in half. Incubate one half (50 μl) in a new 1.5-ml
microcentrifuge tube at 70°C for 10 min in a thermoblock. After incubation, add the
suspension of dead cells to the original sample.

With this isolation protocol, the number of dead cell could be insufficient for proper com-
pensation control. This optional step increases the number of dead cells.

18. Wash the cells by adding 500 μl cell staining buffer.

19. Centrifuge the samples for 10 min at 400 × g, 4°C, along with the milk samples
from Basic Protocol 7, step 19.

20. Aspirate the supernatant, resuspend the cells, and repeat the washing step by adding
500 μl cell staining buffer.

21. Centrifuge the samples again for 10 min at 400 × g, 4°C, along with the milk samples
from Basic Protocol 7, step 22.

22. Aspirate the supernatant and resuspend the cells in 200 μl cell staining buffer.

23. Add 1 μg/ml Hoechst 33258 (a 1000× dilution of the 1 mg/ml storage stock solution)
to the appropriate samples (as indicated in Table 2).

24. Transfer the samples to the 96-well microplate used for the milk samples in Basic
Protocol 7, step 24. Keep the samples on ice.
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25. Store the samples on ice in the dark for subsequent flow cytometry measurements.

REAGENTS AND SOLUTIONS

CD11c single-stain control

60 μl cell staining buffer (see recipe)
0.4 μl PE-Cy

TM
7 Hamster Anti-Mouse CD11c (clone HL3, cat. no. 558079, BD

Bioscience)
Use immediately; do not store

CD19 single-stain control

60 μl cell staining buffer (see recipe)
1.5 μl APC anti-mouse CD19 antibody (clone 6D5, cat. no. 115512, Biolegend)
Use immediately; do not store

CD45 single-stain control

Mix:
147.75 μl cell staining buffer (see recipe)
0.75 μl APC/Fire

TM
750 anti-mouse CD45 antibody (clone 30-F11, cat. no.

103154, Biolegend)
1.5 μl of 10×-diluted DRAQ5
Prepare before starting an experiment.
Do not store.

Cell staining buffer (D-PBS supplemented with 0.02% gelatin and 0.05% sodium
azide)

1 L 1× PBS (see recipe)
400 μl gelatin from cold water fish skin, 40%-50% in H2O (Sigma-Aldrich, cat.

no. G7765-250ML)
5 ml 10% sodium azide (Sigma-Aldrich, cat. no. S8032)
Store up to 6 months at 4°C

Discard if precipitation occurs.

Collagenase D, 10 mg/ml

100 mg collagenase D (cat. no. COLLD-RO, Roche)
10 ml HBSS without Ca+ or Mg+

Store in 200-μl aliquots up to 1 year at –20°C

Use defrosted aliquots immediately.

CUBIC 1 clearing solution

Dissolve 125 g urea (Penta Chemicals, cat. no. 21420-31000) in 175 ml dH2O and
then add 124 ml of N,N,N′,N′-tetrakis(2-hydroxypropyl)ethylenediamine (4NTEA;
Sigma-Aldrich, cat. no. 122262) and 70 ml Triton X-100 (Sigma-Aldrich, cat no.
T8787). Store up to 6 months at room temperature. Discard if the solution smells of
ammonia.

Composition: 35 wt% dH2O, 25 wt% urea, 25 wt% 4NTEA, and 15 wt% Triton X-100.

CUBIC 2 clearing solution

First, dissolve 62.5 g urea in 65 ml of dH2O; then add and dissolve 125 g sucrose;
and, finally, add 22.3 ml triethanolamine (TEA; Sigma-Aldrich, cat. no. 90279) and
190 μl Triton X-100 (Sigma-Aldrich, cat no. T8787). Store up to 2 weeks at room
temperature. Discard if the solution shows crystals.
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Composition: 23.4 wt% dH2O, 22.5 wt% urea, 9 wt% TEA, 45 wt% sucrose, and 0.1% (v/v)
Triton X-100.

CUBIC wash solution

Dissolve 2.5 g bovine serum albumin (BSA; Sigma-Aldrich, cat. no. A7906)in 500
ml dH2O. Add 500 μl of 10% sodium azide (Sigma-Aldrich, cat. no. S8032) and
500 μl Triton X-100 (Sigma-Aldrich, cat no. T8787). Store up to 6 months at 4°C.
Discard if precipitation occurs.

Composition: 0.5% BSA/0.01% sodium azide/0.01% Triton X-100 in PBS.

DMEM culture medium

12.775 ml DMEM medium supplemented with L-glutamine (Life Technologies,
cat. no. 21063029)

375 μl 1.0 M HEPES buffer (Thermo Fisher Scientific, cat. no. J16924.AE)
1.5 ml fetal bovine serum (FBS; Gibco

TM
, Thermo Fisher Scientific, cat. no.

10270106)
150 μl 1.0 mg/ml murine GM-CSF (see recipe)
150 μl 1.0 mg/ml murine IL-4 (see recipe)
Store up to 1 month at 4°C

Composition: Phenol-red-free DMEM/10% FBS with 25 mM HEPES, supplemented with
10 ng/ml GM-CSF and 1 ng/ml IL-4.

DMEM culture medium + OVA

To 15 ml DMEM culture medium (see recipe), add 4 μg ovalbumin (Sigma-Aldrich,
cat. no. S7951, or Roche Molecular Biochemicals) or the equivalent amount of OVA
in the form of crude egg white (extracted from fresh eggs; crude egg white contains
54% OVA).
Do not store.

DMEM/10% FBS

450 ml DMEM medium supplemented with L-glutamine (Life Technologies, Grand
Island, NY)

50 ml fetal bovine serum (FBS; Gibco
TM

, Thermo Fisher Scientific, cat. no.
10270106)

Do not store.

DRAQ5, 10× diluted

9 μl cell staining buffer (see recipe)
1 μl DRAQ5

TM
Fluorescent Probe Solution (5 mM; Thermo Fisher Scientific, cat.

no. 62251)
Prepare fresh before starting an experiment.
Do not store.

DRAQ5 single-stain control, 1000× diluted

150 μl cell staining buffer (see recipe)
0.3 μl DRAQ5

TM
Fluorescent Probe Solution (5 mM; Thermo Fisher Scientific, cat.

no. 62251)
Do not store.

3% FBS RPMI

9.7 ml RPMI 1640 medium supplemented with L-glutamine and phenol red
(Thermo Fisher Scientific, cat. no. 21875034)
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0.3 ml fetal bovine serum (FBS; Gibco
TM

, Thermo Fisher Scientific, cat. no.
10270106)

Do not store.

Fc block solutions

10×-diluted:
9 μl cell staining buffer (see recipe)
1 μl TruStain FcX

TM
PLUS (anti-mouse CD16/32) antibody (Biolegend, cat. no.

165604)
500×-diluted:
2 ml cell staining buffer (see recipe)
4 μl TruStain FcX

TM
PLUS (anti-mouse CD16/32) antibody (Biolegend, cat. no.

165604)
1000×-diluted:
1 ml cell staining buffer
1 μl TruStain FcX

TM
PLUS (anti-mouse CD16/32) antibody (Biolegend, cat. no.

165604)
Prepare fresh before starting an experiment.

GM-CSF, murine, 1.0 mg/ml

Reconstitute GM-CSF (PeproTech, Rocky Hill, NJ) at 1.0 mg/ml concentration in
sterile distilled water immediately before the experiment. Only short-term storage (1
week) at 4°C is recommended; for extended storage, the protein solution should be
stored with a carrier protein (e.g., 0.1% BSA) in working aliquots at –20°C to –80°C.

Hoechst 33258, 1 mg/ml

1 ml distilled H2O
1 mg Hoechst 33258 (Thermo Fisher Scientific, cat. no. H21491)

Hoechst 33258 is a known carcinogen and mutagen and should therefore be handled with
care. For long-term storage (up to 6 months at –20°C), aliquot the stock solution. Protect
from light.

IL-4, murine, 1.0 mg/ml

Reconstitute IL4 (Roche Molecular Biochemicals, Somerville, NJ) in sterile distilled
water at 1.0 mg/ml concentration immediately before the experiment. Only short-
term (1 week) storage at 4°C is recommended. For extended storage, the protein
solution should be stored with a carrier protein (e.g., 0.1% BSA) in working aliquots
at –20°C to –80°C.

MHC II single-stain control

60 μl cell staining buffer (see recipe)
1000× diluted APC/cyanine 7 anti-mouse I-A/I-E antibody (clone M5/114.15.2,

cat. no. 107628, Biolegend)

A more accurate dilution requires preparing at least 200 μl of a solution with 0.2 μl of
antibody. The solution should be used immediately and not stored.

Ovalbumin, 10 mg/ml

Add 1 ml room-temperature water to 10 mg ovalbumin (Sigma-Aldrich). Do not
store.

Paraformaldehyde, 3.8%

1.9 g paraformaldehyde
Distilled water to 500 ml
Store up to 6 months at 4°C
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PBS, 1×
900 ml distilled H2O
100 ml 10× D-PBS (see recipe)
Store up to 6 months at 4°C

Discard if precipitates occur.

PBS, 10×
1 L distilled H2O
96 g Dulbecco’s Phosphate Buffered Saline (D-PBS; Sigma-Aldrich, D5652), pH

7.2-7.8

Prepare fresh before starting an experiment, but can be stored up to 6 months at 4°C; discard
if precipitates occur.

PBS/2.5% FBS solution

975 μl 1× PBS (see recipe)
25 μl fetal bovine serum (FBS; Gibco

TM
, Thermo Fisher Scientific, cat. no.

10270106)
Use immediately; do not store

RPMI 1640/10% FBS

45 ml phenol-red-free RPMI 1640 medium supplemented with L-glutamine
(Thermo Fisher Scientific, cat. no. 21875034)

5 ml fetal bovine serum (FBS; Gibco
TM

, Thermo Fisher Scientific, cat. no.
10270106)

Store up to 1 week at 4°C

Sodium azide, 10%

10 ml distilled H2O
1 g sodium azide (Sigma-Aldrich, cat. no. S8032)
Store at room temperature; discard if precipitates occur

Sytox Blue, 200×
0.5 μl SYTOX

TM
Blue Dead Cell Stain (cat. no. S34857, Invitrogen)

99.5 μl 1× PBS (see recipe)
Prepare fresh before starting the experiment

COMMENTARY

Background Information
Dendritic cells (DCs) are crucial regula-

tors of immune reactions and belong to the
category of professional antigen-presenting
cells (APCs) typically expressing MHC II
(which can be directly visualized in vivo
using flow cytometry or fluorescence mi-
croscopy/stereomicroscopy when the MHC
II–EGFP knock in mouse is utilized). DCs
have the unique ability to integrate danger and
“stranger” molecular patterns. DC-mediated
T cell activation plays a pivotal role in im-
mune reactivity. The MHC II–EGFP knock-
in mouse serves as a valuable source of DCs,
which are obtained either directly as primary
cells from relevant tissues or through differen-
tiation from hematopoietic stem cells, specif-

ically those derived from the bone marrow.
These DCs can be loaded with a model antigen
(e.g., ovalbumin) to examine their interaction
with cognate T cells expressing the appropri-
ate antigen-specific T cell receptor (OT II).

High-resolution live-cell imaging micro-
scopes, combined with the ability to perform
long-term imaging without causing signifi-
cant photodamage (using techniques such as
spinning-disc technology), enable us to study
of immunological synapse formation and to
characterize the fluorescently labeled MHC
II loading compartment under various condi-
tions. By acquiring multiple videomicroscopy
datasets depicting diverse antigen-presenting
scenarios, such as different types of presented
material and the specificity of the cognatePačes et al.
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T cell receptor, we can accurately quantify
endosomal tubulation towards the immune
synapse, including measuring the length and
directionality of the tubules.

Typically, flow cytometry involves staining
surface markers, combined in some experi-
mental setups by cell fixation, permeabiliza-
tion, and intracellular marker staining. How-
ever, MHC II–EGFP knock-in mouse offers an
alternative approach. By utilizing the EGFP
tag on MHC II (Boes et al., 2002), we can di-
rectly visualize intracellular MHC II without
fixation, permeabilization, or additional intra-
cellular staining steps. Comparing the staining
of surface MHC II and EGFP fluorescence, we
are able to compare intracellular and extracel-
lular MHC II expression levels, which could
exceptionally reflect differentiation/activation
status of the particular cell population.

The MHC II–EGFP knock-in mouse model
enables direct visualization and identification
the various lymphoid tissues thanks to its spe-
cific fluorescence signal. As such, this mouse
model is an ideal tool for accurately dissect-
ing lymphoid organs, e.g., individual Peyer’s
patches (PPs), or precisely separating indi-
vidual mesenteric lymph nodes (MLN). This
separation is crucial for interpreting immune
phenomena relevant to the gastrointestinal
tract (GIT) along its intestinal gradient. Each
mesenteric lymph node drains specific seg-
ments of the gastrointestinal tract, resulting in
distinct immunocharacteristics of the respec-
tive subunit of the complex (Houston et al.,
2015). Therefore, the ability to precisely dis-
sect and analyze MLNs using MHC II–EGFP
knock-in mouse is of the utmost importance
for gaining a comprehensive understanding of
GIT-related immune processes.

Transgenic fluorescent mouse models
could help to revise handed down morpho-
logical/histological facts. Traditionally, for
example, the total counts of villi and individ-
ual lymphoid formations have primarily been
estimated by extrapolating numbers from
sectioned samples. However, direct in situ
visualization provides a more comprehensive
perspective and enables a detailed examina-
tion of specific locations, all without potential
artifacts introduced by tissue processing. This
approach has the advantage of both providing
us with an overall view and with the ability
to conduct precise investigations at specific
sites.

Recently, revolutionary imaging tech-
niques have been developed that open up new
possibilities for imaging complex histological

contexts. Particularly suitable is light-sheet
fluorescence microscopy (LSFM), which en-
ables support imaging of large 3D samples by
positioning the detection plane perpendicular
to the illumination plane and illuminating
the sample from two sides. However, when
imaging tissue samples, lipids, pigments, and
other light-scattering molecules hinder deeper
light penetration. Therefore, these molecules
must be removed for clearer imaging. Various
clearing methods are currently available, em-
ploying different principles, such as hydrogel
polymerization, organic solvents, or diffusion
(Susaki et al., 2014). In Clear, Unobstructed
Brain/Body Imaging Cocktails and Compu-
tational Analysis (CUBIC), hyperhydration
and slight tissue expansion are followed by
the removal of lipids and light- scattering
using strong detergents (Susaki et al., 2015).
Subsequently, the refractive index of the tissue
is matched with a second solution that easily
penetrates the tissue, has a refractive index
compatible with the proteins, and is suitable
for the microscope, objective, and chamber
used in this protocol.

The only naturally fully transparent ver-
tebrate morphological structure is eye (the
structures involving visual path, including
cornea), which could be directly visualized us-
ing LSFM. The diverse immune cells present
in the cornea play a key role in its defense
against pathogens (Foulsham et al., 2018).
However, there is limited information avail-
able regarding the detailed characterization
of these cells. In previous literature, murine
corneal cells were visualized similarly to ours,
in the direction from the corneal center to the
periphery, using EGFP but under the control
of CD11c promoter. CD11c+ LC-like cells
present in the central part of the cornea do
not express MHC II proteins, which may lead
to different results when quantifying the cells
(Knickelbein et al., 2009). With our fluores-
cent MHC II EGFP model, we can differen-
tiate two types of cells, namely LC-like cells
and M�-like cells, based on their distinct cell
shapes. In line with previous research, we
demonstrate that cell density is highest in the
peripheral region of the cornea and gradu-
ally decreases towards the center (Knickelbein
et al., 2009).

The immature neonatal adaptive immune
system lacks antigen education and relies on
maternal assistance for infant immunity. Ma-
ternal immune cells are transferred through
the milk, which plays a key role in the trans-
generational transfer of maternal immunity

Pačes et al.

31 of 40

Current Protocols

 26911299, 2023, 11, D
ow

nloaded from
 https://currentprotocols.onlinelibrary.w

iley.com
/doi/10.1002/cpz1.925 by U

trecht U
niversity L

ibrary, W
iley O

nline L
ibrary on [30/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



(Darby et al., 2019). To understand these
processes accurately, immune cell popula-
tions must be precisely characterized by gath-
ering quantitative data. Collecting sufficient
amounts of mouse milk for subsequent anal-
ysis is far more challenging than collect-
ing human milk. To overcome this difficulty,
oxytocin injection is typically used to stim-
ulate milk production (Depeters & Hovey,
2009; Gómez-Gallego et al., 2014; Willing-
ham et al., 2014). However, our protocol de-
scribes a method for collecting a sufficient
volume of milk without using oxytocin and,
hence, without affecting the results.

Detecting cells in the milk poses challenges
given its composition–autofluorescent lipid
droplets, cell debris, apoptotic and dead cells,
which all have a considerable impact on data
evaluation. Moreover, mouse milk has a higher
(20-30%) fat content (Görs et al., 2009) than
human milk (3%-5%; Jenness, 1979), which
further complicates the analysis. Traditional
centrifugation alone is insufficient for separat-
ing lipid droplets from cells. Flow cytometry
analysis, plotting the SSC-A by FSC-A graph,
cannot accurately identify cells based on
size and granularity among other particles.
Various approaches have been attempted,
such as Nile red staining of lipid droplets
(Keller et al., 2019) and fluorochrome-labeled
CD45 staining (Hassiotou et al., 2013; Keller
et al., 2019). However, these methods have
not provided a correct and reliable cell
identification.

Thus far, standard protocols have failed
to differentiate between noncellular (e.g., oil
droplets) and cellular milk content, leading
to irreproducible results due to the afore-
mentioned discrepancies. To address these
challenges, Keller et al. introduced a novel
and reliable flow-cytometry-based approach
to quantify cells in human milk, utilizing
DRAQ5 and Sytox Blue DNA staining for
proper cell identification (Keller et al., 2019).

In this protocol, we optimized the approach
established by Keller et al. and performed cell
content analysis of mouse milk based on
centrifugation and a staining protocol using
DRAQ5 and Hoechst 33258 for DNA stain-
ing. Additionally, we introduced the MHC
II–EGFP mouse model into this protocol as
an antibody-label-free system to prevent in-
correct cell identification caused by antibody
binding to noncellular content. Overall, we
have introduced an easy-to-use, non-invasive
method for collecting mouse milk and es-
tablished a reliable and reproducible flow

cytometry analysis for quantifying the abso-
lute number of cells in mouse milk.

Critical Parameters
DCs are extremely sensitive to the con-

tamination, and therefore the purity of the
cultivation medium for in vitro experiments
is essential. The cultivation medium must be
free of pathogen-associated molecular pat-
terns (PAMPS), such as LPS, to allow repro-
ducible assessment of the differentiation sta-
tus without excessive activation of developing
dendritic cells. The visualization techniques
should be performed without measurable pho-
todamage to avoid inducing cellular pathology
on both sides of the immunological synapse—
APC and T cell. For quantification purposes,
all experiments must be performed with blind-
ing to avoid bias during the interpretation. Al-
ternatively, unbiased data-mining algorithms
may be applied by a bioinformatician to pre-
vent biased results.

Achieving optimal antibody staining for
both flow cytometry and microscopy necessi-
tates the use of reagents kept at ice-cold tem-
peratures and performance of all procedures at
4°C, while minimizing exposure to light. It is
advisable to include sodium azide in the stain-
ing buffer to aid in preventing the modula-
tion and internalization of surface markers, as
well as the capping of antigens and antibodies.
These processes can potentially diminish the
intensity of fluorescence. Before commencing
the experiment, it is essential to titrate all an-
tibodies to determine the optimal dilutions.

When designing a flow cytometry panel
comprising multiple colors, it is recom-
mended that antibodies labeled with bright
fluorochromes (fluorophore brightness index
of 4 or 5) be used for the detection of low-
abundance markers. Conversely, dim fluo-
rochromes are suggested for highly expressed
antigens. The selection of fluorochromes must
be compatible with the flow cytometry in-
strument, taking into account factors such
as the instrument’s configuration, including
laser and filters. It is advisable to employ
fluorochromes with no fluorescence spillover,
thereby eliminating the need for single-stain
controls.

In experiments requiring time-sensitive
procedures, such as the characterization of
live cells by flow cytometry, tissue dissection
must be shortened as much as possible, which
requires using a stereomicroscope equipped
with precise 3D vision and a lens featuring a
long working distance.
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For accurate analysis of the lymphoid or-
gans, a precise excision must be combined
with a thorough washing of the samples. This
step is particularly crucial for PP as the cel-
lular lifespan after euthanasia is limited and
could vary in different cell populations. Ep-
ithelial cells are the first to die, followed by
myeloid cells, whereas lymphocytes, specifi-
cally T lymphocytes, have the longest survival
time. Consequently, T lymphocytes contribute
the most to the final cell population, signifi-
cantly affecting the measurements and intro-
ducing complexity to the interpretation of re-
sults.

Acquiring a high-quality image is crucial
for clearly differentiating the positive signal
from background autofluorescence. For ex-
ample, when quantifying villi, the intestine
must be thoroughly washed to remove any
food residues and large mucus accumulations.
Scanning the entire intestine requires immers-
ing it in PBS while maintaining a relaxed
state to avoid deformation, such as stretching.
To facilitate the subsequent fusion of specific
views, ensure that there is at least 20% overlap
between them.

During the staining process using DRAQ5
to label nuclei for LSFM, the dye gradually
binds from the surface to the center of the
sample. The decrease in fluorescence intensity
is further amplified by the absorption of ex-
citation and emission light within the tissue.
Therefore, it is crucial to ensure uniform stain-
ing throughout the sample, which requires de-
termining the optimal dye concentration suit-
able for the specific tissue type and sample
volume. However, this assessment is challeng-
ing due to adipose tissue, which binds a signif-
icant amount of dye, resulting in insufficient
staining of the target tissue.

The clearing solutions should be prepared
in advance because the individual components
take several hours to dissolve completely. For
the modified CUBIC 2 solution, following the
specific order of steps is essential to prevent
rapid cooling of the solution upon dissolution
of urea, which can cause the concentrated su-
crose solution to solidify. When matching the
refractive index, the same batch of CUBIC 2
solution must be used for sample preparation
and sensing. Using a solution that is older than
∼2 weeks should be avoided to prevent crys-
tallization during scanning. Before imaging,
the solution must be checked for any small
crystals or bubbles.

When attaching the samples to the syringe
inside LSFM equipment, caution should be
exercised to prevent the glue from coming into

contact with the sample. Before imaging, the
exact refractive index must be measured at
the imaging temperature and the correction
ring adjusted on the microscope objective ac-
cordingly. Maintaining a consistent tempera-
ture throughout the imaging process is prefer-
able. Applying 3D deconvolution may help
to enhance the resolution, but potential arti-
facts may be associated with this method. In
particular, if the image quality varies signif-
icantly within the sample, 3D deconvolution
may complicate the quantification.

To accurately characterize the native
eyeball without fixation using LSFM, the flu-
orescence signal must be visualized as soon as
possible to prevent cell death and EGFP degra-
dation. When quantifying only the corneal
antigen-presenting cells (APCs), the border
with the limbus must be clearly defined, as
illustrated in Figure 11. Care should be taken
to avoid optical distortion when imaging the
eyeball too deeply, reaching the lens with its
unique optical conditions, such as refractive
index. To prevent this, keep in mind that the
mouse cornea has a thickness of ∼100 μm.

Several factors can affect the volume of
mouse milk collected, including the number of
pups, the number of days after birth, and gen-
eral stress conditions. The reliability of sub-
sequent analysis may be affected by the small
volumes. The pellet fraction should be visible
after the centrifugation step.

Leukocytes should be centrifuged at 300
× g. However, to properly separate cream
and skim milk from the pellet, centrifugation
at a higher relative centrifugal force (RCF)
is necessary. Based on our previous results,
we found that adding 12% cream compounds
to a suspension of spleen mononuclear cells,
which partially mimics the average fat con-
tent of mouse milk (Görs et al., 2009), protects
cells from cell death at higher centrifugation
speeds (600 g; data not shown). Therefore, all
centrifugation steps are performed at 400 × g
as a compromise between obtaining the high-
est number of cells and maintaining their via-
bility. After the centrifugation, the supernatant
should be carefully aspirated to avoid disturb-
ing the pellet fraction and to obtain a sufficient
amount of cells for flow cytometry analysis.

The emission spectrum of DRAQ5 should
be properly checked for the emission overlay.
For a positive control of cell viability, optional
step 17 in Support Protocol 1 could be used. To
accurately measure the milk volume, samples
should be measured with a BD High Through-
put Sampler (HTS) for a precise cell quan-
tification and recalculated to determine the
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sample volume. But the whole staining proce-
dure should be performed in microcentrifuga-
tion tubes to allow better handling of the sam-
ple during supernatant aspiration steps to min-
imize cell loss. The samples should also be
prepared for measurement in a higher volume
of cell staining buffer (400 μl in our case) to
reduce the concentration of non-cellular milk
components, which can impact the analysis.

Troubleshooting
It takes ∼1 week to differentiate DCs from

mouse bone marrow stem cells. If the DCs
at day 5-6 after in vitro cultivation are highly
positive for surface MHC II (easily detectable
using flow cytometry or microscopy detect-
ing the EGFP fluorescence), the cultivation
medium is most likely contaminated with
LPS, and the induction of the immunologi-
cal synapse and characterization of the corre-
sponding tubulation is not reproducible. Thus,
identify an LPS-free batch of medium for fur-
ther experimentation. If cells change shape
during videomicroscopy (typically, round up
and potentially detach from the surface), mod-
ify the imaging conditions (minimize the in-
tensity of the excitatory light and exposure
time) to gather the most physiologically rel-
evant data.

In instances where individual nodes are
smaller in size (when preparing the lymphoid-
organ-derived leukocytes), the visibility of the
corresponding pellet may be limited. It is
crucial to ensure proper separation of adi-
pose tissue residues to prevent cell loss dur-
ing the washing process. Therefore, it is ad-
visable to follow the procedure outlined in
Basic Protocol 3. The volume of the staining
mix is adjusted considering the potential sig-
nificant variation in cell numbers among indi-
vidual nodes, as using a lower volume could
adversely affect the staining of larger sam-
ples. To maintain the accuracy of the gat-
ing strategy (Basic Protocol 2), it is recom-
mended that additional markers be incorpo-
rated to identify distinct subpopulations of
dendritic cells (DCs). These markers should
effectively demonstrate that the populations
obtained through the gating strategy, which
relies on both intracellular and extracellular
MHC II, genuinely represent different subpop-
ulations of DCs. This approach should also be
applied to other cell types where the biolog-
ically relevant translocation of MHC II from
intracellular stores (MHC II loading compart-
ment) occurs. To confirm correct gating, it is
also advisable to back-gate given populations
for other markers used in the staining process.

Considerable variation in lymphoid organs
among mice makes it challenging to identify
all lymph nodes in every mouse. Moreover, the
number and size of lymph nodes within the
complexes differ among individual mice.

Thoroughly removing residual adipose tis-
sue is crucial for an accurate flow cytometry
and 3D microscopy analysis. Fat droplets can
significantly complicate working with single-
cell suspensions and reduce sample trans-
parency, even with clearing methods. Addi-
tionally, fat droplets can bind hydrophobic
dyes and absorb dead cells or fragments. How-
ever, adipose tissue can be easily distinguished
from immune tissue due to its minimal autoflu-
orescence, and its residues can be readily re-
moved as well.

The last mesenteric lymph node (MLN),
which drains the colon, is often separated from
the rest of the complex and may not be im-
mediately visible. In such cases, a thorough
search of the mesentery is necessary. Typi-
cally, the node is located to the right of the
remaining complex and may be concealed by
intestinal folds.

For flow cytometry experiments, the pro-
cessing time can significantly impact cell
counts and the proportion of individual popu-
lations. Therefore, when harvesting both MLN
and PPs from the same animal, the protocols
should be divided between two researchers.
One researcher can focus on splitting individ-
ual nodes, whereas the other can extract indi-
vidual PP.

To effectively identify individual villi using
fluorescence stereomicroscopy, the intestine
must be thoroughly washed to minimize the
interference of high autofluorescence caused
by food remains. The autofluorescence of the
mucus surrounding the villi can also pose chal-
lenges. If washing out the mucus is not feasi-
ble, an alternative approach consists of care-
fully mechanically cutting the intestine and
removing the mucus from the luminal side.
Automatic quantification is not viable due to
variations in autofluorescence intensity and
overall intestinal transparency and to the con-
siderable variation in the positive signal of the
villi at different locations within the intestine.

The distribution of scattered lymphoid
tissue, including cryptopatches and isolated
lymphoid follicles, throughout the small intes-
tine, along with the presence of villi in areas
with highly diverse fluorescence intensities,
hinders simple, automatic SLT segmentation.
However, recent advancements in machine
learning have allowed us to initiate training
for segmentation using Ilastik software albeit
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not yet at the level of manual quantitation.
Manual alignment is needed to avoid arti-
facts such as follicle or SLT duplication that
may occur with inaccurate automatic align-
ment. Therefore, any automatic fusion and
alignment results must be carefully verified.

Analyzing individual PPs is comparatively
easier because they are larger and show intense
fluorescence. The risk of missing any of them
is negligible. To minimize the chance of over-
looking PPs, we can wrap the intestine around
forceps to visualize all sides simultaneously.
By holding the end of the intestine with a sec-
ond pair of forceps and pulling the entire in-
testine around the first forceps, we can inspect
the entire surface of the intestine without miss-
ing any PPs. Even when performing automatic
segmentation of PPs, accurately segmenting
the entire area of all PPs without artifacts can
be challenging. Differentiating individual fol-
licles poses an even greater challenge.

Performing 3D deconvolution is the best
approach to enhance resolution, but potential
artifacts may arise from this method. More
specifically, if there is significant variability in
image quality across the sample, 3D deconvo-
lution may even complicate the quantification
process. Switching between 2D and 3D views
may help to more easily distinguish individual
cells from each other.

In cases where scanning using LSFM ex-
tends beyond 24 hr, CUBIC 2 may gradually
evaporate, degrading its optical properties. To
prevent evaporation, the solution should be pe-
riodically changed and replenished with fresh
CUBIC 2 using a filling syringe.

Because of the heterogeneous structure of
the sample and the potential formation of bub-
bles, it is necessary to rotate the sample for
LSFM to identify the optimal direction of il-
lumination and detection. Adjusting the right
and left illuminations and subsequently fusing
both views may enhance the contrast and help
to optimize the image.

The tissues must be generally handled with
care to avoid perforating or exerting exces-
sive pressure especially when extracting the
eyes. Furthermore, specimens must be thor-
oughly washed to remove any blood and elim-
inate excess tissue and hairs that may cause
artifacts during LSFM scanning. Once col-
lected, the eyes should be imaged promptly.
Although fixation is an option, it can increase
background autofluorescence and make cell
identification more challenging. Preserving
the optic nerve can make it easier to handle
the sample. When attaching the sample to the
light-sheet microscope holder, only a small

amount of glue should be used, and caution
should be exercised to prevent the glue from
spreading over the eye, as this hinders imag-
ing.

The volume of mouse milk varies individ-
ually depending on the factors and circum-
stances mentioned above. We collected milk
on the 5th day after parturition, based on our
experience. An adequate volume of milk must
be collected to ensure a suitable number of
cells for subsequent analysis. If low volumes
of milk are collected, the number of cells will
be very low, making the analysis challenging.
Therefore, carefully aspirate the supernatant
(skim milk layer) to avoid disturbing the cell
pellet and to maintain a sufficient number of
cells.

During the staining procedure, the samples
must be protected from direct light to prevent
any impact on fluorescence intensity. When
samples for compensation have lower expres-
sion of a marker than the examined samples,
compensation beads must be used to ensure
accurate compensation.

Understanding Results
Once the physiological immune synapse is

formed, dendritic cells tend to form tubular
fluorescent protrusions (due to MHC II pos-
itivity) toward the T cell. This phenomenon
is clearly distinguishable from other forms of
vesicular trafficking.

The ratio between surface/overall/
intracellular MHC II expression reflects
the activation/differentiation status of the
characterized cell population. The flow cy-
tometry results should clearly distinguish the
intracellular and surface MHC II expression
and possible relative quantification expressed
as mean fluorescence intensity. Using this
strategy, the increase in the ratio between
the mean fluorescence intensity (MFI) of
EGFP and APC-Cy7-conjugated anti-MHC II
antibody should be linear and stable in cells
primarily with MHC II extracellularly. Cells
with a higher MFI of EGFP than MHC II also
display intracellular MHC II (we term them
“turnover,” as some of the MHC II molecules
are only being retained intracellularly), which
cannot be stained with the anti-MHC-II anti-
body. A population of cells negative for MHC
II and positive only for EGFP shows that there
is no surface MHC II expression (Fig. 14)

By identifying lymph nodes in multiple
mice, we were able to observe significant vari-
ability among individuals. When examining
lymph nodes on the skin, we discovered vari-
ability in size, but not in number. On the neck,
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Figure 14 Representative percentages of
subpopulations with different localization of
MHC II. Figure shows the percentage of CD45
cells divided according to MHC II expression.
The results are expressed as median ± upper
and lower quartile and extreme values of three
mice.

however, lymph nodes varied both in size and
number. Furthermore, we noted an apparent
asymmetry between the left and right sides
of the neck. Mesenteric and caudal mesen-
teric lymph nodes were easily found in ev-
ery mouse, whereas sciatic lymph nodes were
identified only in a single mouse. The most
substantial variability among individual mice
in terms of lymph node numbers and signifi-
cant left-right asymmetry were found in lym-
phoid complexes in the peritoneal and the tho-
racic cavity surrounding pancreas and trachea.
In contrast to Van den Broeck et al. (2006), we
were unable to identify all lymph nodes in the
peritoneal and thoracic cavities.

When an appropriate illumination wave-
length that optimally excites enhanced green
fluorescent protein (EGFP) is used, the fluo-
rescence signal emitted by lymphoid organs
will be significantly higher than the back-
ground fluorescence of other tissues (green
autofluorescence). To accurately identify in-
dividual lymph nodes or lymph node com-
plexes, we recommend referring to corre-
sponding figures and schemes provided as a
suitable guide.

Using the fluorescence stereomicroscopy,
the average number of both MLNs and PPs in
the female MHC II–EGFP mouse is ∼7 (Pačes
et al., 2022)

Individual villi can be easily identified by
the intensified fluorescence signal at their cen-

ter, which corresponds to the presence of
antigen-presenting cells (APCs) in the lamina
propria of their lumen. The scattered lymphoid
tissue is also distinguishable as bright perivas-
cular dots found across the length of the small
intestine (∼500 units per gastrointestinal tract;
Pačes et al., 2022). PPs, on the other hand, are
readily recognizable for their significant size
and strong fluorescence signal, typically rang-
ing from 6 to 9 per small intestine.

Using LSFM, there are on average 422
APCs per villus in the proximal jejunum and
200 APCs per villus in the distal ileum (Pačes
et al., 2022). An average of 672 cells were
counted in each SILT follicle (Pačes et al.,
2022). The data also enable us to analyze the
shape and measure the dimensions of the in-
dividual structures, as shown in Figures 8B-G
and 10A and B.

When utilizing LSFM, an appropriate il-
lumination wavelength that optimally excites
EGFP, the fluorescence signal of the corneal
APCs becomes clearly visible. We quantified
the immune cell populations in the cornea
through manual analysis of light-sheet micro-
scope data. The cell counts of the samples
were converted into counts per square mil-
limeter (mm2). Our experiments consistently
demonstrated a significantly higher number of
M�-like cells (35 ± 7) per mm2 than LC-like
cells (12 ± 4) per mm2 (Pačes et al., 2022).

In our experiments, the litters typically con-
sisted of 6-9 pups (Fig. 15), although 10 pups
in a litter is not uncommon. For milk col-
lection, we selected the 5th day after parturi-
tion as the beginning of the collection period
for obtaining sufficient volume of the mature
milk. The milking procedure yielded ∼50-140
μl of milk (Fig. 16B). Muranishi et al. (2016)
conducted milk collection on the tenth and
eleventh day after parturition and reported the
best results, with an average of 130.5 ± 25.1
μl (n = 20).

Through our quantitative flow cytometry
analysis, we were able to detect a range of
12.94-67.88 live cells per 1 μl of mouse milk
(average: 36.62 ± 15.32/μl; Fig. 15). We found
that, on average, 85.35 ± 4.94% of live cells
were CD45+ cells, and their absolute num-
bers ranged from 11.89 to 58.12/μl (average:
31.37 ± 13.58 CD45+/μl) in the milk. Using
this approach, we were able to identify ∼25.33
± 3.39% of MHC II+ cells (out of CD45+
cells), with an absolute cell number ranging
from 2.62 to 13.45 MHC II+ cells/μl (average:
7.99 ± 3.65 MHC II+ cells/μl) in mouse milk
(Fig. 16A-D).
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Figure 15 General anticipated results for the milk collection experiment and quantification of live
cells in the milk from MHC II–EGFP knock-in mice. Panels show (A) number of pups per dam, (B)
milk volume per dam collected using the proposed method, and (C) absolute numbers of live cells
per microliter of mouse milk. Live cells were determined by Hoechst 33258- gating from DRAQ5+

cells. DRAQ5 staining was used for cell identification and noncellular content discrimination. All
data are expressed as the median ± upper and lower quartile and extreme values of ten mice.

Figure 16 Quantification of CD45+ and MHC II+ cells in the milk from MHC II–EGFP knock-in
mouse. (A and C) Figures show the percentage of CD45+ cells (among live cells) and MHC II+

cells (among CD45+ cells). (B and D) Figures show the absolute number of CD45+ and MHC
II+ cells per μl of mouse milk. Data were quantified by flow cytometry analysis. The results are
expressed as median ± upper and lower quartile and extreme values of 10 mice.

Time Considerations
For the characterization of the antigen-

specific tubulation of the intracellular MHC
II positive compartment towards immune
synapse, 1 h is needed for the preparation of
the bone marrow cell suspension, including
plating into 6-well plates, and 5-6 days for the
differentiation of the dendritic cells in vitro. At
least one full day of live-cell microscopy us-
ing the heated cultivation chamber (optimally
also controlling the atmospheric CO2 concen-
tration to 5%) is needed. The times should

be multiplied when applying more conditions
(different antigenic peptides in combination
with various TCR specificities.

The process of identifying all lymphoid or-
gans typically takes 30-60 min per mouse.
However, with practice, this identification may
be shortened to ∼30 min.

It takes 25 min to dissect the MLN com-
plex, divide it into individual nodes, and pre-
cisely remove all remaining fatty tissue. Indi-
vidual Peyer’s patches can be dissected within
15 min after cervical dislocation.
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It takes 25 min to dissect the MLN com-
plex, divide it into individual nodes, and pre-
cisely remove all remaining fatty tissue. Di-
gestion, with washing and filtration, takes
∼70 min. Antibody staining including wash-
ing steps and subsequent viability staining
takes ∼40 min. The whole process of sam-
ple preparation for flow cytometry takes 2.5
hr. However, time for preparing dye solutions
must also be taken into consideration.

For the quantification of intestinal villi, dis-
secting one mouse takes ∼30 min and washing
the sample ∼20 min. Imaging requires ∼30
min, and manual segmentation takes ∼1 hr.

For the quantification of scattered intestinal
lymphoid tissue (SILT), dissecting one mouse
takes ∼30 min. Imaging requires ∼2 hr and
manual alignment takes ∼1.5 hr. Manual seg-
mentation takes ∼2 hr.

For the measurement of PPs and their sub-
units, dissecting one mouse takes ∼30 min.
Imaging requires ∼30 min and manual seg-
mentation takes ∼1 hr.

For the measurement of the intestinal sur-
face, dissecting one mouse takes ∼30 min.
Imaging requires ∼2 min; manual alignment,
1.5 hr; and manual measurement, 30 min or
more.

Preparing the samples for LSFM, dissec-
tion is followed by a 1-day fixation and sub-
sequent 7-day clearing. Washing can easily be
performed in 1 day, and the sample will then
be stained by nuclear staining for 1 week. The
refractive index must be matched for at least
4 days. Imaging takes ∼10 hr per mouse. Due
to the time required for instrument setting and
the final scanning adjustment, more samples
should be imaged in 2-3 consecutive days. Im-
age processing and 3D deconvolution requires
3 hr per 3D stack, which means ∼18 hr per
mouse. Manual segmentation takes ∼2 hr per
3D stack, or 12 hr per mouse.

The duration of LSFM imaging may vary
with the number of samples and the length of
the microscope scan. The sampling process,
including cleaning and rinsing, typically takes
∼30 min. The scanning time is affected by
factors such as settings, area size, number of
color channels, and z-stack thickness. On av-
erage, imaging one eye takes ∼2 hr. The time
needed for manual analysis depends on the
sample size and on the operator experience.
Counting the cells in one sample usually takes
∼30 min.

Characterization of the cellular composi-
tion of the mother’s milk can take ∼7 hr to
complete, but the actual duration may vary
with the number of mice/samples. With two

MHC II–EGFP knock-in mouse dams and 9-
10 samples for flow cytometry, the time break-
down is as follows:

The separation of dams from their pups will
take ∼3 hr. Milk collection requires ∼1 hr.

Sample preparation and antibody staining
take ∼2 hr. Flow cytometry takes ∼1 hr.

These procedures may become shorter as
the operator gains experience, so the overall
time may decrease accordingly.
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