1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Cytometry A. Author manuscript; available in PMC 2023 February 15.

-, HHS Public Access
«

Published in final edited form as:
Cytometry A. 2021 December ; 99(12): 1209-1217. doi:10.1002/cyto.a.24469.

A simplified method for separating renal MPCs using SLAMF9

Joseph A. Mikulin,
Briana L. Bates,

Timothy J Wilson”
Miami University, Department of Microbiology, 700 E. High Street, Oxford, OH, USA 45056

Abstract

Mononuclear phagocytes comprise an array of tissue-resident and monocyte-derived cells with
important roles in tissue homeostasis and resistance to infection. Their diverse phenotypes

make functional characterization within tissues challenging, because multiple surface markers

are typically required for subset identification and isolation by cell sorting methods. Analysis

of SLAMF9 expression within renal mononuclear phagocyte populations by multi-parametric
flow cytometry indicates that SLAMF9 is a specific marker for identification of kidney-resident
CD45+ CD11c+ MHC-I11+ cells corresponding to prominent tissue-resident MPC populations
derived from dendritic cell progenitors in adult mice. High SLAMF9 expression was sufficient

to identify and sort these cells from disaggregated tissue using a user-operated cell sorter. The
population can be further subdivided according to expression of CD11b and CD14 to identify
IRF8Nigh cDC1 cells and cleanly separate the CD11bNi9" F4/80!°W and CD11bint F4/80Nigh CD11c*
MPC subsets. Therefore, SLAMF9 expression allows for the identification and sorting of kidney-
resident CD11b* CD11c* CD64* F4/80* CX3CR1* MHC-II* MPCs without the need for complex
antibody panels or reporter mice, simplifying isolation of these cells for study ex vivo.
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Introduction

Mononuclear phagocytes (MPCs) are a diverse group of leukocytes important for immune
responses and tissue homeostasis. Traditionally divided into macrophages and dendritic
cells (DCs), these cells comprise a broad array of subsets with partially overlapping
functions which depend on the organ and tissue microenvironment. Among these cell
types, conventional dendritic cells (cDCs) are critically important for sensing infection
and trafficking antigens from peripheral tissues into lymph nodes for presentation to T
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cells. Depending on the cell type and the stimulus, conventional DCs may induce either
inflammatory or tolerogenic functions in T cells, and both their potency and flexibility are of
continuing interest (1).

The mononuclear phagocyte system (MPS) of the murine kidney can be both beneficial
and deleterious to the delicate organization and functioning of the renal parenchyma, as

it is responsible both for tissue repair and debris clearance at steady state (2). Renal

MPCs resist simple classification as exclusively macrophage or dendritic cell. Otherwise
characteristic macrophage markers, such as F4/80, are expressed by subsets of renal

MPCs with high-migratory and T cell-stimulatory activity (3—-6), and dendritic cell marker
CD11c can be upregulated in cells which phenotypically resemble macrophages during
inflammation, or by long-lived renal MPCs at steady state (7-9). Additionally, macrophage-
like populations in the murine kidney have historically been categorized by their Ly6C
expression, where Ly6C™ macrophages are involved in the patrolling and maintaining of
renal tissue and Ly6C* macrophages with providing much of the phagocytic capacity and
pro-inflammatory cytokine production of the non-parenchymal renal compartment (10-12).
Thus, the nomenclature and classification of MPCs in the kidney has been historically
understood as a continuum of functionally and phenotypically overlapping groups, rather
than discrete populations (3,5,6).

Generally, dendritic cells of the steady state mouse are classified according to their surface
phenotype and master transcriptional regulator. The two broad groups of tissue-resident
dendritic cells are the Siglec-H*CD11c*B220*BST-2* E2-2-dependent plasmacytoid
dendritic cells (pDCs) (13-18), and the classical dendritic cells (cDCs), consisting of the
CD11b~CD8a* BATF3-dependent lymphoid cDC1, the CD11b~CD103* IRF-8-dependent
myeloid cDC1 (19,20), and the CD11b*CD172a* IRF4-dependent cDC2 subsets (20-23).
These subsets of DCs perform unique functions within the immune cell compartments

of both lymphoid and non-lymphoid tissues. Plasmacytoid DCs are potent producers of
type | interferons upon viral infection or antigenic challenge (16). Conventional DC1

cells, which develop from Siglec-H™Ly6¢c™ pre-DCs, play a disproportionately large role

in cross-presenting antigen to and activating CD8* cytotoxic T cells in draining lymph
nodes, skewing the immune response toward ILC1 and Ty1 cell activation and polarization
(24-26). Similarly, cDC2 cells appear to be capable activators of ILC3 and Ty17-mediated
immunity against extracellular bacterial challenges, as well as of T2 and ILC2-mediated
anti-parasitic responses (27-29).

The macrophage and dendritic cell compartment of the steady state murine kidney is
comprised of a heterogeneous blend of resident and monocyte-derived MPCs which fulfill
these outlined niches throughout the tissue. Phenotypically and functionally distinct groups
of these cells can be determined on the basis of their expression of integrins CD11b and
CD11c (3,30). However, because of the substantial functional and phenotypic overlap within
these subsets, additional strategies have been employed to further delineate MPC subsets,
including transcriptional and fate-mapping analyses (31-33). Because few markers are
expressed exclusively by any cell group (3,31,32), isolating any specific group of MPCs

for ex vivoand in vitro analysis by fluorescence-activated cell sorting (FACS) is complicated
by the fact that several surface markers must be used, and this antibody staining has the
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potential to cause unintended effects on cell activation. In this study, we identify SLAMF9
as a specific marker for resident CD45*CD11c*MHC-1I* MPCs in resting kidney aligning
with populations previously identified as classical dendritic cells or F4/80"9" CD64* MPCs
descended from the common DC progenitor (31,32). We outline a simplified gating strategy
using only SLAMF9 as a marker to separate the above populations from other renal MPCs,
and show the need for only two additional surface markers to cleanly distinguish SLAMF9*
cDCs and F4/80M3" MPCs from each other.

Materials and methods

Mice
C57BL/6N mice were obtained from Taconic. S/amf9~'~ mice (C57BL/6N-
Slamfgtmib(EUCOMM)Wsipwtsi) were obtained from the Wellcome Trust Sanger Institute.
Genotyping of mice was performed by PCR as previously described (34). All animal

procedures were performed in accordance with protocols approved by the Miami University
Institutional Animal Care and Use Committee.

Preparation of single-cell suspension and staining of renal leukocytes

Healthy mice were euthanized via CO, asphyxiation. Kidneys were excised and cut into fine
pieces with scissors in 7mL Bijou containers (Greiner Bio-One) containing 3 mL HBSS w/
Ca?* and MgZ* and 1mg/mL STEMxyme 1 (Worthington Biochemical), 25U/mL Benzonase
(Sigma), and 10mM HEPES pH 7.4 (ThermoFisher). Kidneys were then gently rocked for
30 min at room temperature. After incubation, the homogenates were passed through 70

UM mesh filters and then the homogenates were transferred to 50 mL conical tubes and
centrifuged twice at 50xG for 1 min to pellet debris, recovering the supernatant each time.
The homogenates were washed twice with FACS buffer (PBS with 2% BCS and 1mM
EDTA) and then over-laid onto 10 mL of Histopaque 1119 (Sigma) in 50 mL conical tubes.
The use of 50 mL tubes instead of 15 mL tubes for density gradient centrifugation was a
critical parameter for consistent separation of leukocytes from other cells. Cells were then
centrifuged at 900xG for 30 minutes at room temperature with the rotor brake deactivated.
Cells at the gradient interface were then extracted and washed in 50 mL FACS buffer.

Flow cytometry

Isolated renal leukocytes were stained with antibodies diluted to 2 pg/mL in FACS

buffer targeting the following surface proteins: CCR2 (REA538), CCR5 (REA354), CD8a
(53-6.7), CD11b (M1/70), CD11c (HL3 and N418), CD14 (SA14-2), CD19 (6D5), CD26
(H194-112), CD45 (30-F11), CD64 (X54-5/7.1), CD172a. (P84), CX3CR1 (SA011F11),
EP-CAM (G8.8), F4/80 (BM8), IRF4 (3E4), IRF8 (V3GYWCH), Ly6c (AL-21), MHC-I1I
(M5/114.15.2), NK1.1 (PK136), and XCR-1 (ZET). SLAMF9 staining was performed
using biotinylated mouse monoclonal antibody clone M349 previously described (34). PE,
APC, or BV785-conjugated streptavidin was used to label M349. Fluorophore conjugated
staining reagents were purchased from BD Biosciences, Biolegend, and Miltenyi Biotec.
Non-specific staining by Fc receptors was blocked using CD16.2 (9E9 - Biolegend), and
CD16/32 (2.4G2- BioXCell). Cell viability was assessed using Zombie Aqua dye from
BioLegend. Intracellular flow cytometry for transcription factors was performed using
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the eBioscience Foxp3 / Transcription Factor Staining Buffer Set (ThermoFisher). Data
acquisition was performed using LSR-11 (BD Biosciences) and Attune NXT (ThermoFisher)
flow cytometers. All gating strategies for surface and intracellular stains incorporated single
cell discrimination using FSC-A and FSC-H along with a viability dye. All reported markers
were assessed in at least three independent kidney preparations. Each kidney preparation
comprises two kidneys from a single mouse. Compensation matrices were determined using
BD CompBeads incubated with the relevant antibody conjugate. Analysis was performed in
FlowlJo v10. Primary data used in flow cytometry analysis may be obtained by contacting
the corresponding author.

Isolated renal leukocytes were stained with Zombie Aqua (Biolegend) and anti-SLAMF9
(M349) as described above. SLAMF9-expressing kidney leukocytes were then sorted

using a FACSMelody cell sorter (BD Biosciences) using HEPES buffered saline (Leinco
Technologies) as sheath fluid at a speed of 7000-8000 events/second. Post-sort analysis was
done using FlowJo.

In vitro stimulation of sorted cells and quantitative RT-PCR

Results

Sorted cells were washed in DMEM and then plated in a TC-treated v-bottom 96

well plate with complete DMEM (10% FCS, 1x Sodium pyruvate, non-essential amino
acids, Glutamax, pen/strep). Phosphate-buffered saline (PBS), Dulbecco’s Modified Eagle
Medium (DMEM), Hanks balanced salt solution (HBSS) and bovine calf serum (BCS)
were purchased from Sigma (St. Louis, MO). Gibco 100X Sodium pyruvate, Glutamax,
MEM non-essential amino acids, penicillin/streptomycin solutions were purchased from
ThermoFisher, as was 0.5M EDTA. Fetal bovine serum (FBS) and 1M HEPES were
purchased from GE Lifesciences. The cells were stimulated with Lug/mL of LPS for 24
hours. After 24 hours cells were lysed and RNA was isolated from sorted cells using
PureLink RNA Micro Scale Kit (Invitrogen).

First strand cDNA synthesis was performed using the Accuris gMax cDNA Synthesis Kit
(AE Bios, Cincinnati, OH) according to manufacturer protocols. Quantitative PCR was
performed on a Rotor-Gene Q (Qiagen) using gMax Probe No ROX qPCR mix (Accuris).
Probes for gPCR analysis were obtained from Integrated DNA Technologies (Coralville,
IA). Relative gene expression was measured in triplicate using probes reactive to the
following transcripts: /126 (Mm.PT.58.12409997), and Actb (Mm.PT.39a.22214843.9). AC;
values for //12bwere calculated by subtraction from beta-actin. Statistical analyses were
performed using Graphpad Prism software.

SLAMF9 was previously shown to be expressed by multiple populations of antigen-
presenting cells in lymphoid tissues, liver, peritoneal cavity, and tumors, including
populations of conventional DCs, plasmacytoid DCs, and macrophages (34-36). To
determine which cells express SLAMF9 in the kidney, we performed multi-parametric

flow cytometry on enzyme-disaggregated kidneys. CD45*SSC!OWSLLAMF9* live single cells
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from mouse kidneys were analyzed for the presence and abundance of various cell surface
markers associated with mononuclear phagocytes. Compared to all CD457SSC!oW cells,
the SLAMF9* cells within this gate express high levels of MHC-II and CX3CR1, as

well as CD11c, F4/80, CD64, CD172a., and low levels of XCR1 and IRF4. They are

also heterogeneous in expression of CD11b, CD14, and IRF8 (Figure 1). This phenotype
was reminiscent of mononuclear phagocyte populations MPC1 and MPC3 described by
Kawakami et al. as possessing the migratory and T-cell stimulatory functions of classical
dendritic cells (3).

To determine whether SLAMF9+ cells comprise a group of kidney resident classical

type-2 dendritic cells, multi-parametric flow cytometry was again used to examine their
surface phenotype. Using the paradigm of dividing MPCs according to CD11b and CD11c
expression allows the identification populations of mononuclear phagocytes with differing
functional characteristics. Those with the greatest phagocytic ability are found among
CD11bMInCD11c!oW~ MPC2 cells and the greatest antigen-presenting and T cell polarizing
activity found among the CD11c!"Vhigh MPC1, MPC3, and MPC4 subsets (3). Since
circulating B cells and NK cells were previously found not to express SLAMF9 (34), these
subsets were removed by negative gating to limit Fc receptor-based staining artifacts. The
relatively rare subset previously identified as “MPC5” was not implicated as a potential
source of SLAMF9™* cells in Figure 1 and so was not separated from T cells in our gating
strategy, leaving them simply bound within gate 5 (Figure 2). However, MPC groups 1-4
were gated as described by Kawakami et al., with MPC populations designated according
to expression of CD11b and CD11c (Figure 2A). Examining these populations for SLAMF9
expression reveals that MPC1 (CD11bM9hCD11ciM) and MPC3 (CD11biMCD11ciM) are
predominantly SLAMF9*, with MPC3 as the only one demonstrating homogeneous
expression of SLAMF9 (Figure 2A). Back-gating on SLAMF9™ cells and comparison

with SLAMF9"9 cells indicates that SLAMF9™ cell populations are centered within

the MPC1 and MPC3 gates, with some spill-over into other gated areas (Figure 2B).
Importantly, examination of peripheral blood has found no counterpart for MPC3 in the
blood and minimal potential contribution of blood-borne cells to the gated MPC1 population
(Figure 2C), suggesting that CD11b*CD11c*SLAMF9™* cells represent a tissue-resident
population and make up a substantial fraction of myeloid cells within the resting murine
kidney. Notably, SLAMF9* cells in the kidney are definitively negative for Ly6C, further
supporting the notion that circulating populations, particularly inflammatory monocytes, do
not contribute to the CD11b* CD11c* SLAMF9* groups.

Since SLAMF9 is able to mark the MPC1 and MPC3 populations in the kidney, we
hypothesized that it would be sufficient as a marker to sort these functionally similar
populations. To sort SLAMF9-expressing renal MPCs, a single cell suspension of renal
cells was stained with anti-SLAMF9 monoclonal antibody M349 and the viability dye,
Zombie Aqua (Figure 3). The living cells were then gated for singlets based on FSC-A
and FSC-H, excluding any cell debris or aggregates. Performing these gates in the opposite
order can also yield equivalent results. Finally, SLAMF9+ cells were clearly identified on
a SSC-A x SLAMF9 plot for sorting. This gating strategy allows for the identification of a
clear SLAMF9 expressing population without the need for antibodies to multiple markers.
Post-sort analysis of these gated cells indicates a purity of approximately 88%, confirming
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that the proposed sorting strategy is stringent enough to effectively enrich SLAMF9+ MPCs
from among the renal leukocytes and stromal debris (Figure 3A).

To verify that sorted SLAMF9* renal cells retain biological function after sorting, we
stimulated sorted cells with 1 pg/mL LPS for 16 hours at 37°C. The transcripts encoding
IL-12p40 and beta-actin were analyzed using gRT-PCR. Transcripts for //-12b, which was
not detected in the plated, unstimulated cells, were expressed only with LPS stimulation,
indicating the recovery of viable and functional cells (Figure 3B). Among the critical
parameters for successful isolation of SLAMF9+ MPCs were the effective generation of
a single-cell suspension using mechanical and enzymatic disaggregation, together with
effective enrichment of leukocytes using the Histopaque 1119 gradient. Data on cellular
yield are shown in Table 1.

Since SLAMF9* MPCs exhibit some degree of heterogeneity in expression of markers
CD11b, CD14, F4/80, and IRF8 (Figure 1), a deeper examination of the presence of
SLAMF9* subsets was undertaken. Using the surface markers CD11b and CD14, it

was found that SLAMF9* MPCs could be cleanly separated into at least three distinct
subsets: CD11b!°W CD14"9, CD11b!" CD14*, and CD11bMd" CD141oW, The subset with
intermediate expression of CD11b and highest expression of CD14 made up the bulk of the
population, with around 80% of SLAMF9* cells falling within that gate. The proportion of
cells within each subset was consistent whether or not pre-gating with CD45 and lineage
markers was performed, indicating that SLAMF9 is sufficient for enrichment of these MPC
populations (Figure 3C).

Since all cells expressing SLAMF9 in the kidney also constitutively express CD11c and
MHC-II (Figure 1), ontological paradigms and markers of dendritic cells were employed

to categorize these cells (31,32). SLAMF9* renal MPCs were gated according to CD11b
and CD14 as before and their expression of MPC markers was examined by surface and
intracellular staining (Figure 4). The CD11b'°W CD14"9 subset is reliably the fewest in
number of the three populations, typically comprising about 6% of SLAMF9* MPCs, which
are themselves fewer than half of the CD11b-expressing cells found in a non-perfused
kidney (Figure 4B). They show high expression of IRF8, are negative for F4/80 and

CD64, and are positive for CD26, indicating that they are cDCL1 cells (Figure 4A). The
dominant population of SLAMF9* MPCs, (CD11bi" CD14*) was found to have the highest
expression of CD64 and F4/80, intermediate expression of IRF8, and no expression of
CD26. These cells correspond to a population that has been differentially categorized as
macrophages (31) or F4/80M3" ‘macrophage-like’ MPCs derived from the common DC
progenitor (CDP) in adult mice (32). It is also notable that these cells express the highest
amount of SLAMF9 and are smallest in size by FSC, and so without the use of other surface
markers, they can be enriched above 80% by using a more stringent gate for high SLAMF9
expression and lower FSC. Reducing the SLAMF9 gating stringency to include SLAMF9low
cells favors increased numbers of CD11b'®% and CD11bM9" subsets within the SLAMF9*
gate (Figure 4). The subset of SLAMF9* cells that is CD11b"9" has intermediate expression
of F4/80, is positive for the cDC marker CD26 (31), and has the highest expression of IRF4
(Figure 4A). It has heterogeneous expression of CD64 that segregates into two overlapping
CD64"89 and CD64" populations (Figure 4B) corresponding to cells previously identified
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respectively as cDC2 and CD11b"9h «cDC2-like’ CDP progeny (31,32). The bona fide renal
macrophage population that is CD11b"9" CD64* F4/801"t CD11c"9 is found within the
SLAMF9"€9 gate (Figure 4B).

Discussion

This study demonstrates that SLAMF9, a member of the CD2/SLAM receptor family, is
selectively expressed on populations of renal CD11c* MHC-II* leukocytes corresponding

to cell populations derived from the common DC progenitor in adult mice (32). While the
surface phenotype of renal CD11bint F4/80M9" SLAMF9* MPCs could support classification
as either DCs or macrophages, cells expressing the same surface markers as renal F4/80Migh
SLAMF9* MPCs have been shown to migrate to the draining lymph nodes and present
antigen to T cells following systemic LPS challenge, indicating the presence of classical DC
function /n vivo (3). This ability to migrate to lymph nodes and activate T cells, coupled
with their high frequency within the myeloid compartment of resting kidneys, makes
CD11biNtF4/80Mi9N renal MPCs an interesting and consequential target of investigation.

The role of renal mononuclear phagocytes in renal injury is an active field of investigation.
Specifically, the renal MPS is the fulcrum upon which ischemia-reperfusion injury (IRI)

is either exacerbated or resolved; these cells are responsible for the production of pro-
inflammatory cytokines and chemokines, presentation of self-peptides to T cells, fibrosis,
and ultimately the clearance of debris and immunoregulation that are all associated with
acute and late phases of IRl (37-41). Additionally, CD11b* DCs are involved in the
initiation and modulation of autoimmune and infectious nephritis (2), and so functional
characterization of these cells is important for understanding the pathogenesis of multiple
diseases. While we have not yet examined the utility of using SLAMF9 as a marker for
DC isolation under these disease states, it may provide a simpler alternative for cellular
identification and isolation in studies of renal homeostasis and disease. Furthermore, where
studies of cDC1 and cDC2 cells are complicated by the higher abundance of F4/80M9" and
CD11c"®8 MPCs, SLAMF9 staining can be used to clearly define these populations during
analysis and sorting.

In summary, we have identified a method of enriching for tissue-resident dendritic cells from
mouse kidney by fluorescence-activated cell sorting that requires only a single antibody to
highly enrich for CD45* lymphoid lineage¥ CD11c* MHC-11* populations. This finding
will facilitate functional analysis of these cells where genetic reporters are unavailable or
where other antibody combinations might interfere with the functional activity of the cells in
downstream assays.
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Figure 1. Surface phenotype of SLAMF9+ cellsin mouse kidney.
Kidneys from heathy C57BL/6 mice were mechanically and enzymatically disaggregated

and stained for the indicated markers by (A) surface or (B) intracellular staining. Cells were
gated as indicated on the left with live, CD45* leukocytes identified among single cells
within the kidney suspension. SLAMF9™* cells (shaded histogram) were compared with all
cells in their parent gate (dashed line) to determine their phenotype using the indicated
markers.
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Figure 2. Examination of SL AMF9 expression among tissue-resident and blood MPC
populations.
A) Gating strategy to identify SLAMF9 positive cells among mononuclear phagocyte

populations in mouse Kidney. Gates numbered 1-4 correspond to previously characterized
MPC populations. Histograms represent staining for SLAMF9 among these numbered
populations in C57BL/6 (red) or S/amfg-/- (gray) mice. B) Back-gating on SLAMF9
CD45" CD19"89 NK 1.1 SLAMF9™ cells to identify which populations are the source of
SLAMPF9* cells in (A). C) Staining of peripheral blood using the same gating strategy as (A)
to examine which populations in kidney may be derived from blood. The viability dye used
to exclude dead cells in all cases was Zombie Aqua.
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Figure 3. Fluorescence activated cell sorting of renal MPCsusing SLAMF9 as a marker.
A) Cell sorting of SLAMF9* cells from disaggregated kidney cell suspensions with post-sort

analysis. B) Quantitative RT-PCR measurement of //12btranscript in SLAMF9-expressing
MPCs after with and without LPS stimulation. C) Assessment of the equivalence of using
SLAMF9 as a primary marker for identification and/or cell enrichment compared with
alternative pre-gating strategies using CD45 and lineage markers prior to SLAMF9 gating.
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Figure 4. Characterization of renal SLAMF9+ M PC subpopulations.
A) Live, SLAMF9™, single cell populations gated according to CD11b and CD14 expression

were examined by surface or intracellular flow cytometry for the indicated markers.
Black histograms correspond to CD14"9 CD11b!W cells; blue indicates CD11bi" CD14*

cells; red indicates CD11bNi9" CD14!°W populations. B) Alternative gating strategy for

characterization of heterogenous CD11b"3" populations.

Cytometry A. Author manuscript; available in PMC 2023 February 15.

10.0

Page 14



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Mikulin et al. Page 15

Table 1.
Yield of renal SLAMF9* MPCs.

Summary statistics for yields of SLAMF9* renal cDCs using 6 kidneys per sorting experiment. Summary data
indicate the average values and range from 8 different sorting cell sorting experiments on healthy C57BL/6
mice.

Average (Range)

Events Sorted | 11.7x10° (6.1-18.0x108)
% SLAMF9+ | 0.39% (0.15-0.65%)
Total Recovered | 43,212 (14,763 — 64,912)
Recovered/Kidney | 7,202 (2,461 - 12,178)
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