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ABSTRACT

Background: Antibody-secreting cells are terminally differentiated B cells that play a critical role in humoral
immunity through immunoglobulin secretion along with possessing the potential to be long-lived. It is now
appreciated that ASCs regulate multiple aspects of biology through the secretion of various cytokines. In
this regard, ICFC is a key tool used to assess the presence of intracellular proteins such as cytokines and
transcription factors.
Methods: Paraformaldehyde plus saponin or the eBioscience Foxp3/Transcription Factor Staining Buffer Set
were used to evaluate the non-specific intracellular retention of phycoerythrin-containing antibody conjugates
by ASCs.
Results: We showed that the use of phycoerythrin-containing antibody conjugates led to a false interpretation
of ASC intracellular protein expression compared with other cell types. This was mainly due to the inappropri-
ate retention of these antibodies specifically within ASCs. Furthermore, we demonstrated how to reduce this
retention which allowed for a more accurate comparison of intracellular protein expression between ASCs
and other cell types such as B lymphocytes. Using this methodology, our data revealed that spleen ASCs
expressed toll-like receptor 7 as well as the pro-form of the inflammatory cytokine interleukin-1β.
Conclusion: Increasing the number of centrifugation steps performed on ASCs post-fixation leads to
inappropriate retention of phycoerythrin-containing antibody conjugates during ICFC.

Statement of Significance: Phycoerythrin (PE)-conjugated antibodies (Abs) are heavily used in intra-
cellular flow cytometry due to their high signal-to-noise ratio. By reducing the number of post-fixation
centrifugation steps, we reduce antibody-secreting cell (ASC) non-specific retention of PE-conjugated
Abs. This opens the door to reliably using these reagents to assess ASC intracellular proteins.
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INTRODUCTION

Humoral, or antibody (Ab)-mediated, immunity plays
a critical role in host defense [1]. Through a variety of
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mechanisms, the activation of B cells can lead to their
terminal differentiation into antibody-secreting cells
(ASCs) which include relatively short-lived plasmablasts
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(PBs) as well as more mature plasma cells (PCs) [2–5]. In
general, ASCs are viewed as critical effectors of humoral
immunity through their potential to be long-lived [6, 7]
as well as their continuous production of Abs [8]. It is
appreciated that ASCs influence host biology beyond the
direct effects of Ab synthesis [9–11]. Given that ASCs are
programmed for protein production and secretion [12, 13],
it is not a surprise that many of the functions they exert
are mediated by cytokine production. For example, ASCs
utilize interleukin (IL)-10 to suppress the inflammatory
response in the context of autoimmunity [14, 15]. However,
ASCs can also facilitate the immune response through
the production of factors including IL-6 [16] as well as
IL-3 [17] and granulocyte-macrophage colony-stimulating
factor (GM-CSF) [18, 19].

Multiple strategies currently exist which allow for the
evaluation of ASC cytokine production. For instance,
ASCs can be isolated via fluorescence-activated cell sorting
(FACS), stimulated in vitro and cultured supernatants
directly probed for selected cytokines [20]. While informa-
tive, this approach requires knowing the correct stimulus
or stimuli and does not necessarily provide insight into the
cytokines that ASCs are actively producing while residing
within a particular tissue. As such, this type of analysis has
been paired with in vivo techniques that utilize fluorescent
reporter mice such as those specific for IL-10 [14, 20–23].
However, since genetically engineered reporter mice are
not readily available for most cytokines, intracellular flow
cytometry (ICFC) is also extensively performed to assess
ASC cytokine production [17–19]. Indeed, this approach
was recently used to show that PBs produced IL-3 and GM-
CSF in the context of malaria-inducing parasitic infections
[17].

Within the field of flow cytometry, phycoerythrin (PE)-
conjugated Abs are known to be extremely “bright” and
provide large signal-to-noise ratios thus facilitating their
use to detect rare protein targets [24]. However, a previous
study has shown that ASCs nonspecifically retain PE
during ICFC [25]. This artifact pertains to ex vivo stained
ASCs as well as those derived in vitro. Additionally,
nonspecific PE retention was observed when ICFC was
performed on day 3 cultures from lipopolysaccharide
(LPS)-stimulated B cells [26], a time point known to
generate a significant proportion of ASCs. Thus, this
retention phenomenon is a confounding factor in the
analysis of ASC cytokine production and evaluation with
ICFC.

In this study, we showed that the complication of nonspe-
cific PE retention by ASCs also pertained to PE-containing
tandem fluorochromes such as PE/Cy7. The number of cen-
trifugation steps postfixation directly modulated the extent
of this retention. Provided here is a standard approach
that reduces PE retention allowing for the use of PE- and
PE/Cy7-conjugates Abs to perform ICFC on ASCs. Via
this methodology, we demonstrated that spleen (SPL) PBs
and PCs stained positive for Pro-IL-1β. Furthermore, we
detected TLR7 protein expression by PBs and PCs thus
adding to the growing list of immunomodulatory receptors
that these cells possess.

MATERIALS AND METHODS

Mice

B6.Cg-Tg(Prdm1-EYFP)1Mnz/J (Stock #: 008828) and
wild-type C57BL/6 mice were purchased from the Jackson
Laboratory and used to establish a breeding colony within
the vivarium of the Western Michigan University Homer
Stryker M.D. School of Medicine (WMed). Genetically
wild-type (i.e., lacking the Prdm1-eYFP transgene) mice
were used for all experiments. Prdm1-eYFP expressing mice
were used for a separate project. Both females and males
were used between 12 and 32 weeks of age for experiments
in Figs 1–4 and Supplementary Figs 1–3. However, 25-
weeks-old males were specifically used in Fig. 5 and
Supplementary Fig. 4 to correct for any potential age- or
sex-based effects on target protein expression.

Isolation of spleen tissue

SPLs were collected in calcium and magnesium-free 1x
phosphate-buffered saline (PBS). Organs were crushed
between the frosted ends of two slides and cell suspensions
were centrifuged for 5 minutes at 4 ◦C and 600 g. Red
blood cells were lysed by resuspending (RSS) cells in 3 mL
of 1x red blood cell lysis buffer on ice for ∼3 minutes.
Lysis was stopped with the addition of 7 mL of 1x PBS.
Cell suspensions were counted via a hemocytometer using
trypan blue to exclude dead cells and subsequently passed
through 70 μm filters, centrifuged as discussed earlier and
RSS in 1x PBS + 0.1% bovine serum albumin (BSA) at a
concentration of 2 × 107 cells/mL.

Cell surface immunostaining for flow cytometry

Cell surface staining procedures were performed in 1x
PBS + 0.1% BSA using ∼5 × 106 cells per stain. Samples
were labeled with a CD16/32 blocking Ab to eliminate the
nonspecific binding of Abs to cells via Fc receptors. All
Abs utilized are listed in Supplementary Table 1. Cells were
incubated on ice for 30 minutes with the appropriate Abs.
Unbound Abs were removed with 3 mL of 1x PBS + 0.1%
BSA followed by centrifugation for 5 minutes at 4 ◦C and
600 g. Supernatants were decanted. In certain instances,
eBioscience Fixable Viability (Live-Dead) Dye eFluor 780
(Thermo Fisher Scientific, Catalog # 65–0865-14) was
added to samples to assess dead cell content. The stock
solution was diluted at 1:250 and 10 μL was added to
∼ 5 × 106 cells per stain. The live-dead stain was added
concurrently with surface staining Abs.

Paraformaldehyde and saponin immunostaining for ICFC

Cells were surface stained as described earlier. Afterward,
cell pellets were RSS in 1 mL of 4% paraformaldehyde
(PFA) and incubated at room temperature (RT) for 20 min-
utes in the dark. Subsequently, 2 mL of 1x PBS + 0.1%
BSA + 0.1% Saponin (Sap) were added and cells cen-
trifuged for 5 minutes at 4 ◦C and 600 g. Supernatants
were decanted and the previous step was repeated with
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Figure 1. ASCs nonspecifically retain PE- and PE/Cy7-conjugated Abs. (A) Representative flow cytometry plots demonstrating gating of total singlets.
(B) Representative flow cytometry plots demonstrating gating of SPL B220+ CD138− BCs and B220+/− CD138HI CD90.2− IgD− ASCs. Total ASCs are
further subdivided into B220+ PB and B220− PC. Cells are pregated on total singlets. CD138 versus CD90.2 + IgD staining of total singlets is shown
for reference. (C–E) Flow cytometry overlay histograms showing fluorescence intensity for (C) APC, (D) PE, and (E) PE/Cy7. FMO and isotype control
Ab (0.04 and 0.020 μg) stains are shown for SPL BCs, total ASCs, PBs, and PCs. Data are representative of three individual experiments and gMFIs are
summarized in Supplementary Fig. 1.

3 mL of 1x PBS + 0.1% BSA + 0.1% Sap for a total of
two centrifugations. The supernatants were discarded and
cells were RSS in residual buffer (∼150 μL). Unlabeled
mouse IgG was added as a blocking reagent and cells were

incubated at RT for 20 minutes in the dark. Subsequently,
the appropriate Abs were added and cells were incubated
at RT for 30 minutes in the dark. Afterward, 3 mL of
1x PBS + 0.1% BSA + 0.1% Sap were added and cells
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Figure 2. The number of postfixation washes modulates ASC retention of PE- and PE/Cy7-conjugated Abs. (A) Schematic depicting PFA + Sap staining
protocol. (B) Flow cytometry overlay histograms showing rIgG2a-PE fluorescence intensity for SPL BCs and ASCs using 1, 2, or 3 poststain Sap washes.
(C) rIgG2a-PE (0.20 μg) gMFIs of SPL BCs and ASCs washed 1, 2, or 3 times with Sap following staining. (D) Ratio of SPL ASC/BC rIgG2a-PE
(0.20 μg) gMFIs from cells washed 1, 2, or 3 times with Sap following staining. Horizontal dashed line represents a ratio of 1. (E) Flow cytometry overlay
histograms showing rIgG2a-PE fluorescence intensity for SPL BCs and ASCs using Sap/Sap, BSA/Sap or PBS/Sap two-step washes postfixation. (F)
rIgG2a-PE (0.20 μg) gMFIs of SPL BCs and ASCs washed with Sap/Sap (S/S), BSA/Sap (B/S) or PBS/Sap (P/S). (G) Ratio of SPL ASC/BC rIgG2a-PE
(0.20 μg) gMFIs from cells washed with S/S, B/S, or P/S. Horizontal dashed line represents a ratio of 1. (H) Flow cytometry overlay histograms showing
rIgG2a-PE fluorescence intensity for SPL BCs and ASCs using 1, 2, or 3 postfixation Sap washes. (I) rIgG2a-PE (0.20 μg) gMFIs of SPL BCs and ASCs
washed 1, 2, or 3 times with Sap following fixation. (J) Ratio of SPL ASC/BC rIgG2a-PE (0.20 μg) gMFIs from cells washed 1, 2, or 3 times with Sap
following fixation. Horizontal dashed line represents a ratio of 1. (K) Flow cytometry overlay histograms showing rIgG2a-PE fluorescence intensity for
SPL BCs and ASCs using one or two postfixation Sap washes at 600 or 300 g. (L) rIgG2a-PE (0.20 μg) gMFIs of SPL BCs and ASCs washed 1 or 2
times at 600 or 300 g with Sap following fixation. (M) Ratio of SPL ASC/BC rIgG2a-PE (0.20 μg) gMFIs from cells washed 1 or 2 times at 600 or 300 g
with Sap following fixation. Horizontal dashed line represents a ratio of 1. (B–D, H–J) Data derived from four separate experiments. (E–G, K–M) Data
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centrifuged for 5 minutes at 4 ◦C and 600 g. The super-
natants were decanted and cells were centrifuged again
in the presence of 3 mL of 1x PBS + 0.1% BSA. The
supernatants were discarded and cell pellets were RSS in
an appropriate volume of 1x PBS + 0.4% BSA + 2 mM
ethylenediaminetetraacetic acid (EDTA) for flow cytome-
try. Before analysis, cells were strained through a 35 μM fil-
ter mesh. Deviations from centrifugation step constituents
or sequence are noted in the Results section.

Methanol immunostaining for ICFC

Cells were surface stained as described earlier. Afterward,
cell pellets were RSS in 1 mL of ice-cold 100% methanol
(MeOH) and incubated on ice for 20 minutes in the dark.
Subsequently, 2 mL of 1x PBS + 0.1% BSA were added
and cells were centrifuged for 5 minutes at 4 ◦C and 600 g.
Supernatants were decanted and the previous step was
repeated with 3 mL of 1x PBS + 0.1% BSA for a total of
two centrifugations. The supernatants were discarded and
cells were RSS in residual buffer (∼150 μL). Unlabeled
mouse IgG was added as a blocking reagent and cells were
incubated at RT for 20 minutes in the dark. Subsequently,
the appropriate Abs were added and cells were incubated
at RT for 30 minutes in the dark. Afterward, 3 mL of 1x
PBS + 0.1% BSA were added and cells were centrifuged
for 5 minutes at 4 ◦C and 600 g. The supernatants were
decanted and cells were centrifuged again in the presence
of 3 mL of 1x PBS + 0.1% BSA. The supernatants were
discarded and cell pellets were RSS in an appropriate vol-
ume of 1x PBS + 0.4% BSA + 2 mM EDTA for flow
cytometry. Before analysis, cells were strained through a
35 μM filter mesh.

eBioscience Foxp3/transcription factor staining buffer set
immunostaining for ICFC

For this procedure, ICFC was performed with the eBio-
science Foxp3/Transcription Factor Staining Buffer Set
(Thermo Fisher Scientific, Catalog # 00–5523-00). Cells
were surface stained as described earlier. Afterward, cell
pellets were RSS in 1 mL of Buffer 1 and incubated at
RT for 20 minutes in the dark. Subsequently, 2 mL of
Buffer 2 was added and cells were centrifuged for 5 minutes
at 4 ◦C and 600 g. Supernatants were decanted and the
previous centrifugation step was repeated with 2 mL of
Buffer 2 for a total of 2 centrifugations. Supernatants were
discarded and cells were RSS in residual buffer (∼150 μL).
Unlabeled mouse IgG was added as a blocking reagent
and cells were incubated at RT for 20 minutes in the dark.
Subsequently, the appropriate Abs were added and cells
were incubated at RT for 30 minutes in the dark. Afterward,
2 mL of Buffer 2 was added and cells were centrifuged for

5 minutes at 4 ◦C and 600 g. Supernatants were decanted
and cells were centrifuged again in the presence of 3 mL
of 1x PBS + 0.1% BSA. Supernatants were discarded
and cell pellets were RSS in an appropriate volume of 1x
PBS + 0.4% BSA + 2 mM EDTA for flow cytometric
analysis. Before analysis, cells were strained through a
35 μM filter mesh. Deviations from centrifugation step
constituents or sequence are noted in the Results section.

Flow cytometry

Flow cytometry was performed on a Fortessa (BD Bio-
sciences) located in the Flow Cytometry and Imaging Core
at WMed. This instrument is equipped with five lasers
(355, 405, 488, 561 and 640 nm). The full configuration
including lasers and corresponding detectors is included in
Supplementary Table 2. Data were analyzed using FlowJo
(v10) software. Total cells were gated using the side scatter
area (SSC-A) versus forward scatter area (FSC-A). Singlets
were identified using sequential gating of FSC-width (W)
versus FSC-A, SSC-W versus SSC-A and FSC-height (H)
versus FSC-A.

Fluorescence-activated cell sorting

Prior to sorting, prestained (surface and intracellular) SPL
cells were resuspended at 2 × 107 cells/mL in 1x PBS + 0.4%
BSA + 2 mM EDTA. Cells were sorted into ∼ 150 μL of 1x
PBS + 0.1% BSA using a FACSMelody (BD Biosciences)
cell sorter located in the Flow Cytometry and Imaging Core
at WMed. Sorting was performed using a similar gating
strategy as shown in Fig. 1.

Immunofluorescence imaging

Prior to imaging, FACS-purified SPL B cells (BCs) and
ASCs were cytospun onto Superfrost Plus microscope
slides using a Thermo Scientific Cytospin 4. Coverslips
were mounted using SlowFade Diamond Antifade Moun-
tant (Thermo Fisher Scientific, Catalog # S36963). Slides
were imaged using an EVOS M7000 Imaging System with
a 40X objective (Thermo Fisher Scientific, Catalog #
AMF7000).

Quantification and statistical analysis

Technical and biological replicates are indicated in the
figure legends. Statistics were performed using GraphPad
Prism 9. Paired two-way analysis of variance (ANOVA)
with Sidak’s (Fig. 4, Supplementary Figs. 1 and 3), Dun-
nett’s (Figs. 2–3 and 5, Supplementary Figs. 1 and 4), or
Tukey’s (Fig. 5) multiple comparisons test, paired one-way

derived from two separate experiments. (C, D, F, G, I, J, L, M) Symbols represent individual mice. Horizontal lines represent mean ± SEM. (C, F, I, L)
Comparisons between BC and ASC: Paired Student t-test. P-values: ∗P < 0.05, ∗∗P < 0.01 and ∗∗∗P < 0.001. Mixed cell type and wash comparisons
(e.g., BC 1 W versus ASC 3 W) were omitted for simplicity. Comparisons within cell type: paired two-way ANOVA with Dunnett’s multiple comparisons
test. Controls set as (C) 1 W, (F) S/S, (I) 2 W, and (L) 2 W/600. Red asterisks denote significance compared with controls. P-values: ∗P < 0.05, ∗∗P < 0.01,
∗∗∗P < 0.001, and ∗∗∗∗P < 0.0001. (D, G, J, M) Paired one-way ANOVA with Dunnett’s multiple comparisons test. Controls set as (D) 1 W, (G) S/S, (J)
2 W, and (M) 2 W/600. Red asterisks denote significance compared with controls. P-value: ∗P < 0.05.

https://academic.oup.com/abt/article-lookup/doi/10.1093/abt/tbac013#supplementary-data
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Figure 3. The number of postfixation washes modulates ASC retention of PE-conjugated Abs when using the eBioscience Foxp3/Transcription Factor
Staining Buffer Set. (A) Schematic depicting Foxp3 staining protocol. (B) Flow cytometry overlay histograms showing rIgG2a-PE fluorescence intensity
for SPL BCs and ASCs using one, two or three postfixation Foxp3 B2 washes. (C) rIgG2a-PE (0.20 μg) gMFIs of SPL BCs and ASCs washed 1, 2, or 3
times with Foxp3 B2 following fixation. (D) Ratio of SPL ASC/BC rIgG2a-PE (0.20 μg) gMFIs from cells washed 1, 2, or 3 times with Foxp3 B2 following
fixation. Horizontal dashed line represents a ratio of 1. (E) Flow cytometry overlay histograms showing rIgG2a-PE fluorescence intensity for SPL BCs
and ASCs using one or two postfixation Foxp3 B2 washes at 600 or 300 g. (F) rIgG2a-PE (0.20 μg) gMFIs of SPL BCs and ASCs washed 1 or 2 times at
600 or 300 g with Foxp3 B2 following fixation. (G) Ratio of SPL ASC/BC rIgG2a-PE (0.20 μg) gMFIs from cells washed 1 or 2 times at 600 or 300 g with
Foxp3 B2 following fixation. Horizontal dashed line represents a ratio of 1. (B–G) Data derived from two separate experiments. (C, D, F, G) Symbols
represent individual mice. Horizontal lines represent mean ± SEM. (C, F) Comparisons between BC and ASC: paired Student t-test. P-values: ∗P < 0.05,
∗∗P < 0.01. Mixed cell type and wash comparisons (e.g., BC 1 W versus ASC 3 W) were omitted for simplicity. Comparisons within cell type: paired
two-way ANOVA with Dunnett’s multiple comparisons test. Controls set as (C) 2 W and (F) 2 W/600. Red asterisks denote significance compared with
controls. P-values: ∗∗P < 0.01 and ∗∗∗P < 0.001. (D, G) Paired one-way ANOVA with Dunnett’s multiple comparisons test. Controls set as (D) 2 W and
(G) 2 W/600. Red asterisks denote significance compared with controls. P-value: ∗∗∗P < 0.001.

ANOVA with Tukey’s (Supplementary Figs. 3–4) or Dun-
nett’s (Figs. 2–3) multiple comparisons test and paired Stu-
dent t-tests (Figs. 2–3, Supplementary Fig. 4) were utilized
as indicated in the figure legends. Statistically significant
P-values are noted in the figure legends as ∗P < 0.05,
∗∗P < 0.01, ∗∗∗P < 0.001 and ∗∗∗∗P < 0.0001.

RESULTS

ASCs preferentially retain PE-conjugated antibodies

ICFC of cytokines has become a critical tool used to
evaluate ASC diversification and function. Using conven-
tional fixation (i.e., PFA) and permeabilization (i.e., Sap)
techniques, it has been reported that ASCs nonspecifically
retain PE-conjugated Abs thus making them unsuitable
for ICFC [25]. This was shown to be the case for ex vivo

stained ASCs as well as those generated in vitro following
B lymphocyte stimulation [25].

To better characterize this phenomenon, we evaluated
the ability of ASCs from the SPL to retain a variety of
nonspecific isotype control Abs conjugated to allophyco-
cyanin (APC), PE and PE/Cy7. Total singlets were sequen-
tially gated as shown in Fig. 1A. ASCs were subsequently
identified as B220+/− CD138HI CD90.2− IgD− (Fig. 1B). As
ASCs in the SPL do not normally express IgD (a naïve B
cell marker) or CD90.2 (a pan T cell marker), these surface
antigens were combined into a single channel to increase the
accuracy of ASC gating. As a point of comparison, we also
examined the retention capacity of SPL B220+ CD138−

BCs (Fig. 1B). For these experiments, we utilized hamster
(ham) IgG, rat (r) IgG1, rIgG2a and rIgG2b isotypes.
Using flow cytometry, retention was measured as a func-
tion of geometric mean fluorescence intensity (gMFI). In

https://academic.oup.com/abt/article-lookup/doi/10.1093/abt/tbac013#supplementary-data
https://academic.oup.com/abt/article-lookup/doi/10.1093/abt/tbac013#supplementary-data
https://academic.oup.com/abt/article-lookup/doi/10.1093/abt/tbac013#supplementary-data


Antibody Therapeutics, 2022 157

Figure 4. Fixation and permeabilization method does not differentially
impact the analysis of live versus dead ASCs. (A, B) Representative flow
cytometry plots demonstrating live-dead staining of total SPL events as
well as gated BCs and ASCs. Samples were processed using (A) PFA + Sap
or the (B) Foxp3 buffer set. Dead cells are gated and percentages of
live-dead+ cells are indicated in red. (C) Percentages of live-dead+ cells
within total SPL events, BCs and ASCs. Symbols represent individual
mice. Horizontal lines represent mean ± SEM. Paired two-way ANOVA
with Sidak’s multiple comparisons test. P-values: ∗P < 0.05, ∗∗P < 0.01,
∗∗∗P < 0.001, and ∗∗∗∗P < 0.0001. Red asterisks indicate comparisons
between P + S versus Foxp3 within a given cell type. Mixed cell type
and buffer comparisons (e.g., P + S total events versus Foxp3 ASC) were
omitted for simplicity. (D) Flow cytometry overlay histograms showing
rIgG2a-PE fluorescence intensity for total and dead SPL BCs using the
Foxp3 buffer set. (A–D) Data are derived from two separate experiments.

this regard, increased isotype Ab gMFIs as compared with
fluorescence minus one (FMO) controls were indicative of
increased retention (Supplementary Fig. 1A–F).

In general, Abs conjugated to APC produced very little
background when compared with FMO controls (Fig. 1C
and Supplementary Fig. 1A). This was independent of Ab
amount and observed in both BCs and ASCs. However,
the examination of PE-conjugated isotype Abs painted
a different picture. While BC and ASC FMO controls
possessed similar amounts of PE-mediated background
autofluorescence (Fig. 1D and Supplementary Fig. 1C),
the use of low amounts (0.04 μg) of PE-conjugated

isotype Abs resulted in low levels of retention in ASCs
relative to BCs (Fig. 1D and Supplementary Fig. 1C),
whereas increased Ab amounts (0.20 μg) led to further
retention by ASCs which was apparent for all isotypes
(Fig. 1D and Supplementary Fig. 1C). To determine if
these observations could be more generalized, we examined
the retention of the tandem dye PE/Cy7 (Fig. 1E and
Supplementary Fig. 1E). Similar to PE, PE/Cy7 retention
by ASCs was evident in an Ab amount-dependent manner
regardless of isotype (Fig. 1E and Supplementary Fig. 1E).

Additionally, we subdivided ASCs (Fig. 1B) into short-
lived PBs and more mature, potentially long-lived PCs
which are B220+ and B220−, respectively. Analysis of APC-,
PE- and PE/Cy7-conjugated isotype Ab retention demon-
strated a high degree of similarity between PBs and PCs
(Fig. 1C–E and Supplementary Fig. 1B, D and F). These
data indicated that the maturation status of ASCs (PBs
vs. PCs) did not explicitly alter the capacity to retain PE-
and PE/Cy7-conjugated isotype Abs. Furthermore, these
results suggested that potential contamination with non-
ASCs that possess B220 expression (e.g., plasmacytoid den-
dritic cells (pDCs)) did not influence the data. In summary,
ASCs displayed retention of PE-based fluorochromes that
was independent of Ab isotype and species but was aug-
mented by increased Ab amounts. These data were consis-
tent with previous findings demonstrating PE retention in
the absence of Ab conjugation [25, 26].

Phycoerythrin retention in ASCs presents as a punctate
staining pattern

Immunofluorescence (IF) microscopy of B cell cultures
3 days post-LPS stimulation demonstrated a punctate
staining pattern of PE retention [26]. To confirm this
observation, we performed ICFC on SPL cells using
rIgG2a-PE (0.20 μg). BCs and ASCs were subsequently
FACS-purified, cytospun and then imaged to evaluate the
localization of PE retention (Supplementary Fig. 2). As
expected, ASCs expressed CD138 as well as intracellular
IgM (Supplementary Fig. 2). In contrast, BCs lacked a
CD138 signal and IgM was largely restricted to the cell
surface (Supplementary Fig. 2). Evaluation of rIgG2a-
PE demonstrated a low level intracellular “haze,” or
background, for both cell types. However, ASCs possessed
an additional punctate staining pattern that was absent
in BCs (Supplementary Fig. 2) as confirmed in previous
studies.

Fixative, wash buffer constitution and the number of
post-stain washes are not responsible for the retention of
phycoerythrin-conjugated antibodies by ASCs

For the purposes of this study, we use the term “wash”
to refer to the centrifugation of cells in the presence of
a particular buffer. In our staining protocol, we utilized
one post-stain wash that included Sap (Fig. 2A, brown).
This was then repeated with PBS + 0.1% BSA. There-
fore, it is possible that additional Sap washes could abro-
gate PE retention. To test this, we performed experiments
in which cells stained with rIgG2a-PE (0.20 μg) received
1, 2, or 3 post-stain Sap washes followed by a terminal
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Figure 5. Performance of one postfixation wash using the eBioscience Foxp3/Transcription Factor Staining Buffer Set allows for robust intracellular
staining of ASC proteins. (A) Flow cytometry plots showing live-dead staining of SPL CD19+ BCs, PBs and PCs with one postfixation wash using
PFA + Sap or Foxp3 protocols. Percentages indicate live cells gated within the indicated parent population. Results were similar for two postfixation
washes. (B) Flow cytometry overlay histograms showing rIgG1-PE/Cy7 isotype control and Pro-IL-1β-PE/Cy7 fluorescence intensity for SPL CD19+
BCs, PBs, and PCs with one or two postfixation washes using either PFA + Sap or Foxp3 protocols. (C) Flow cytometry overlay histograms showing
mouse IgG1 (mIgG1)-PE isotype control and TLR7-PE fluorescence intensity for SPL CD19+ BCs, PBs, and PCs with one or two postfixation washes
using either PFA + Sap or Foxp3 protocols. (B, C) Red vertical lines added to histograms to depict positive staining for Pro-IL-1β and TLR7. (D,
E) Percentages of (D) Pro-IL-1β+ cells and (E) TLR7+ cells within CD19+ BCs, PBs, and PCs. Symbols represent individual mice. Horizontal lines
represent mean ± SEM. Comparisons between BC, PB, and PC: Paired two-way ANOVA with Tukey’s multiple comparisons test. P-values: ∗∗P < 0.01
and ∗∗∗∗P < 0.0001. Mixed wash and buffer comparisons (e.g., P + S 1 W versus Foxp3 2 W) were omitted for simplicity. Comparisons within cell type:
paired two-way ANOVA with Dunnett’s multiple comparisons test. Controls set as 1 W Foxp3. Red asterisks denote significance compared with controls.
P-values: ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, and ∗∗∗∗P < 0.0001. (A–E) Data are representative of three individual experiments.
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PBS + 0.1% BSA wash (Fig. 2B–D). The number of post-
stain Sap washes had no effect on BC background PE
staining (Fig. 2B and C). The addition of a 2nd or even 3rd
wash led to a small reduction of PE retention by ASCs
compared with cells that received a single wash (Fig. 2D).
However, the ASC/BC PE gMFI ratio (Fig. 2D) ranged
from ∼14 to 33 regardless of the number of post-stain
Sap washes. These data confirmed previous observations
from studies in which multiple post-stain washes containing
permeabilizing agents were ineffectively used to remove PE
retention by ASCs [25, 26].

The experiments presented in Fig. 1 utilized two post-
fixation washes with 0.1% Sap as part of a PBS + 0.1%
BSA solution (Fig. 2A, red). While it is commonly appreci-
ated that the fixation method can alter the immunostain-
ing properties of cells [27], it is not readily known how
the steps used to remove a fixative can alter immunos-
taining. To test this, we kept the 2nd postfixation wash
constant and performed the 1st wash with PBS + 0.1%
BSA + 0.1% Sap (Sap/Sap), PBS + 0.1% BSA (BSA/Sap),
or PBS (PBS/Sap). Subsequently, we analyzed the reten-
tion of rIgG2a-PE (0.20 μg) by BCs and ASCs (Fig. 2E).
Regardless of 1st wash composition, ASCs still retained
rIgG2a-PE as shown by heightened PE gMFIs when com-
pared with BCs (Figs 2E and F). Ultimately, the rIgG2a-
PE background was increased ∼30x in ASCs (Fig. 2G).

In the previous experiments, fixation was performed
with PFA and permeabilization, as well as intracellular
staining, was performed in the presence of Sap. To rule
out the contribution of either of these compounds to
the observed retention phenotype, we evaluated rIgG2a-
APC, rIgG2a-PE and rIgG2a-PE/Cy7 (0.20 μg per Ab)
staining following fixation/permeabilization with ice-cold
100% MeOH (Supplementary Fig. 3A–F). In this setting,
all washes and Ab incubation steps were performed
with PBS + 0.1% BSA to eliminate continued exposure
to any potential denaturing agent. Inspection of flow
cytometry histograms revealed clear retention of rIgG2a-
PE and rIgG2a-PE/Cy7 (Supplementary Fig. 3B). In the
context of APC, ASCs had slightly increased fluorescence
relative to BCs in both FMO and rIgG2a samples with
the latter reaching significance (Supplementary Fig. 3C).
However, rIgG2a-PE and -PE/Cy7 stained ASCs clearly
demonstrated increased gMFIs, albeit with a high degree
of variability, when compared with cell-matched FMOs
or their BC counterparts (Supplementary Fig. 3D and E).
In this regard, the ASC/BC rIgG2a ratio was higher in
every PE and PE/Cy7 sample when examined against APC
(Supplementary Fig. 3F). These data provided evidence
to exclude PFA and Sap as causative agents for the PE
retention phenotype observed by ASCs.

The number of washes following paraformaldehyde fixation
modulates ASC retention of phycoerythrin-conjugated
antibodies

Since the fixative, the number of poststain Sap washes as
well as the postfixation wash buffer composition did not
appear to play a major role, we considered “physical” forces
involved in ICFC that may augment ASC retention of
PE. Compared with naïve B cells, ASCs are complex cells

whose cytoplasm is dominated by an extensive endoplasmic
reticulum (ER) and Golgi network [28]. As such, the act of
centrifugation and the forces imparted on BCs and ASCs
may be different and result in the ASC-specific retention
of PE. Along these lines, variations in centrifugation pro-
tocols can have dramatic effects on recovery as well as the
viability of mechanically sensitive cells [29, 30]. Based on
the previous experiments, we would hypothesize for the
effects to be enacted postfixation and pre-Ab staining. To
test this hypothesis, we repeated the retention experiments
discussed earlier using either 1, 2, or 3 postfixation washes
with PBS + 0.1% BSA + 0.1% Sap (Fig. 2H). Increasing the
number of washes slightly decreased the already low levels
of rIgG2a-PE (0.20 μg) staining in BCs (Fig. 2H and I).
In contrast, rIgG2a-PE retention by ASCs was enhanced
as more washes (i.e., centrifugation steps) were performed
(Fig. 2H and I). When compared with BCs, the rIgG2a-
PE staining of ASCs was near equivalence at one wash.
At two washes, the ratio of ASC/BC PE gMFI was ∼25
(Fig. 2J) similar to that shown in Fig. 2D. Finally, the
addition of a third wash increased this ratio to >85, on
average (Fig. 2J). To further assess the impact of “force”
effects on PE retention, we performed experiments in which
cells received either one or two postfixation washes using a
relative centrifugal force (RCF) of 600 or 300 g (Fig. 2K). If
total RCF was a determining factor, ASCs which received
single or multiple 300 g centrifugation steps would display
less retention than their 600 g counterparts. However, the
level of PE retention observed in ASCs correlated with
the number of centrifugation steps rather than the amount
of RCF imparted on cells (Fig. 2K). This was apparent
when we quantified the gMFI of PE retention (Fig. 2L)
as well as the ratio of ASC/BC PE retention (Fig. 2M). In
both instances, ASCs washed twice routinely demonstrated
increased levels of PE staining regardless of RCF. In total,
these results indicated that the physical act of centrifugation
post-PFA fixation was the most critical driver in ASC PE
retention.

The number of postfixation washes modulates ASC
retention of phycoerythrin-conjugated antibodies when
using the eBioscience Foxp3/transcription factor staining
buffer set

The experiments using PFA + Sap (Fig. 2) demonstrated
that the number of postfixation wash steps significantly
impacted the retention of PE by ASCs. Previous studies
demonstrated PE retention by ASCs using a variety of com-
mercial buffer sets [26], but the impact of centrifugation
number on Ab retention has not yet been addressed. As
such, we examined the effects of centrifugation using the
eBioscience Foxp3/Transcription Factor Staining Buffer
Set (Fig. 3A) which was utilized in the aforementioned
study [26].

When we varied the number of postfixation washes with
Foxp3 Buffer 2 (B2) (Fig. 3A, red), we again observed
differences in retention. BCs showed a reduction in back-
ground PE staining which was most evident when one and
two washes were compared (Fig. 3B and C). Unlike with
PFA + Sap, increasing the number of Foxp3 B2 washes did
not enhance ASC retention of PE (Fig. 3B and C). Rather,
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the use of multiple washes lowered the overall PE gMFI in
ASCs (Fig. 3B and C) as demonstrated by a left shift of the
primary peak of fluorescence intensity. However, the use
of two or three washes induced a separate artifact of PE
retention as indicated by the “tails” present in the rIgG2a-
PE histograms of multi-washed ASCs (Fig. 3B). Overall,
we did not observe a major deviation in the ASC/BC
PE gMFI ratio when different numbers of washes were
compared (Fig. 3D). To further characterize this phe-
nomenon, we repeated experiments from Fig. 2 in which
we varied postfixation wash number and RCF. As with
PFA + Sap, the number of physical washes (i.e., centrifu-
gations) had the largest impact on PE retention by ASCs
(Fig. 3E–G). While the artifacts induced by the number of
washes were specific to buffer sets, they shared the common
theme of modulation by the number of postfixation washes.

Fixation and permeabilization method does not
differentially impact the analysis of live versus dead ASCs

Experiments in Figs 2 and 3 indicated that different fixa-
tion and permeabilization methodologies induced distinct
types of PE retention artifacts in ASCs. Since both pro-
tocols are known to impact cellular morphology in their
own unique fashion, it is possible that this led to a false
comparison of ASCs between the two methods. That is, a
particular method may have included a significant propor-
tion of dead ASCs which skewed the results. To exclude
this possibility, we repeated the single postfixation wash
PFA + Sap and Foxp3 ICFC protocols with the inclu-
sion of a fixable live-dead stain (Fig. 4A–D). As expected,
total ungated events demonstrated a clear positive pop-
ulation indicative of dead cells regardless of the buffer
system used (Fig. 4A–C). When using PFA + Sap, the
percentages of gated BCs and ASCs that were Live-Dead+

were ∼1.8% and 1.0%, respectively (Fig. 4A–C). The use
of the Foxp3 buffer set increased the percentage of dead
BCs that were analyzed to ∼17% (Fig. 4B and C). How-
ever, only a minimal percentage of ASCs analyzed were
considered dead (Fig. 4B and C). Even though the Foxp3
buffer set increased the percentage of dead BCs that were
gated, this did not impact PE gMFIs as total and dead BCs
showed similar PE background when stained with rIgG2a-
PE (0.20 μg) (Fig. 4D). Overall, these data indicated that
different fixation and permeabilization methods had little
impact on the analysis of gated, viable ASCs.

Performance of one postfixation wash using the eBioscience
Foxp3/transcription factor staining buffer set allows for
robust intracellular staining of ASCs

The results discussed earlier indicated that a single postfix-
ation wash protocol using either PFA + Sap or the Foxp3
buffer set may be suitable for ICFC of ASCs when PE-
conjugated Abs are present. However, the Foxp3 buffer set,
usually in the context of two postfixation washes, is believed
to provide increased ICFC utility as it is designed to provide
optimal staining of organelle-localized antigens including
those in the nucleus [31]. To address these concepts, we
compared the use of one or two postfixation washes with

both buffer sets to detect Pro-IL-1β and TLR7 (Fig. 5A–E
and Supplementary Fig. 4A–I).

Pro-IL-1β was chosen for the Immunological Genome
Project (ImmGen, https://www.immgen.org) datasets have
shown the Il1b gene to be preferentially expressed in SPL
ASCs, particularly in PBs, when compared with total
SPL BCs (Supplementary Fig. 4A). Pro-IL-1β has also
been detected in protein lysates from human peripheral
blood CD19+ B cells [32]. Finally, cleavage of Pro-IL-
1β to its mature IL-1β form and subsequent secretion
typically requires the integration of multiple “danger”
signals [33]. As a result, we hypothesized that Pro-IL-1β
would accumulate and not be processed under homeostatic
conditions thus facilitating its detection. TLR7 was selected
as it predominantly localizes to the endosome [34] allowing
for the comparison of cytoplasmic (i.e., Pro-IL-1β) versus
organelle-localized protein staining efficacy. Additionally,
Tlr7 has been shown to be robustly expressed in mouse SPL
BCs and ASCs (ImmGen, Supplementary Fig. 4B) as well
as in human tonsillar counterparts [35].

For these experiments, we further gated SPL BCs as
CD19+ to confirm their identity (Supplementary Fig. 4C).
Fixable live-dead staining was also included in all samples
and only viable cells (i.e., negative for live-dead stain)
were analyzed (Fig. 5A). The use of one postfixation
wash (Fig. 5B) allowed for the detection of Pro-IL-1β
in BCs as well as PBs and PCs for both buffer sets.
In the context of PFA + Sap, Pro-IL-1β detection was
significantly increased in PBs and PCs relative to BCs
(Fig. 5D). Regardless of buffer set, two postfixation washes
eliminated reliable detection of Pro-IL-1β in PBs and PCs
due to retention of PE/Cy7 (Fig. 5Band D). This was
demonstrated by the increased fluorescence signal of cells
stained with rIgG1-PE/Cy7 isotype control (Fig. 5B and
Supplementary Fig. 4E and F). Two washes also elimi-
nated Pro-IL-1β detection in BCs; however, this was largely
due to loss of signal when incubated with Abs directed at
Pro-IL-1β (Fig. 5B and D and Supplementary Fig. 4D).
The cause of this latter observation is unknown and may
be an artifact resulting from cell processing as secretory
lysosomes have been shown to house Pro-IL-1β in human
monocytes [36]. Whether or not a similar phenomenon
exists in BCs and if secretory lysosomes are lost in
the cell preparation process used here requires further
investigation.

Unlike Pro-IL-1β, TLR7 was minimally detectable when
the 1 wash PFA + Sap protocol was utilized (Fig. 5C).
Conversely, the one wash Foxp3 protocol resulted in the
detection of TLR7 in BCs, PBs and PCs (Fig. 5C and E).
PFA + Sap in combination with two postfixation washes
showed intermediate TLR7 staining in BCs when compared
with results observed with a single postfixation wash
using PFA + Sap and Foxp3 buffers (Fig. 5B and D
and Supplementary Fig. 4G). Respective to BCs, the two
wash Foxp3 buffer protocol was equivalent to the one-
wash version as both displayed ∼56–62% average TLR7
positivity (Fig. 5C and E). Examination of PBs and PCs
demonstrated PE retention when two postfixation washes
were used in the context of PFA + Sap (Fig. 5C and
Supplementary Fig. 4H and I). We also observed PB and
PC retention of PE in two postfixation wash Foxp3 buffer

https://www.immgen.org
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set samples (Fig. 5C). Rather than an overall shift in gMFI,
the retention observed resembled the previously mentioned
“tail” pattern (Fig. 5C and Supplementary Fig. 4H and I)
and resulted in an underestimation of the overall percentage
of TLR7+ PBs and PCs (Fig. 5E). In general, both one
postfixation wash protocols suppressed PE/Cy7 and PE
retention by ASCs which allowed for detection of the
protein targets shown here. However, the one postfixation
wash Foxp3 buffer set protocol allowed for the detection of
cytoplasmic as well as organelle-localized proteins.

DISCUSSION

While it has been reported that ASCs nonspecifically retain
PE in the context of ICFC [25, 26], our current study con-
firms and extends these findings to include PE/Cy7. A key
finding shown here is that the mere act of repetitive centrifu-
gation postfixation appears to induce the ASC retention
of PE. As such, a reduction in the number of postfixa-
tion centrifugation steps that occur before ICFC staining
ameliorates this phenotype thus allowing for the utiliza-
tion of extremely bright PE and PE/Cy7 fluorochromes in
ASC ICFC.

Previous attempts [25, 26] to eliminate ASC retention
of PE using multiple types of commercial ICFC buffer
sets have been unsuccessful. These have included the BD
Biosciences CytoFix/Cytoperm buffer set [25] as well as
Foxp3 buffer sets from BD Biosciences, BioLegend and
eBioscience/Thermo Fisher Scientific [26]. Standard pro-
tocols for these buffer sets call for multiple centrifugation
steps following initial cellular fixation. The only exception
to this is the eBioscience Foxp3 buffer set which provides
multiple ICFC protocols. One of these, Protocol B, uses a
single mandatory centrifugation step postfixation and was
tested and shown to be “curative” in this study (Figs. 3 and
5). Single postfixation centrifugation was also sufficient
to reduce PE retention in the context of PFA + Sap pro-
viding some flexibility in what buffers are utilized (Figs. 2
and 5). This may be an important consideration as dif-
ferent antigens display altered sensitivities regarding how
fixation impacts their Ab-binding epitopes. In the con-
text of the protein targets tested here, optimal staining of
ASC intracellular proteins was observed while using the
eBioscience Foxp3/Transcription Factor Staining Buffer
Set rather than PFA + Sap (Fig. 5). This was most obvi-
ous when one postfixation centrifugation was performed
(Fig. 5) and may simply be a result of the permeabilization
agents that differ between buffers. Sap is a “weak”detergent
that has been used to permeabilize fixed cells for ICFC;
however, instances have been observed in which Sap does
not effectively permeabilize certain types of membranes
[37]. Under these circumstances, Triton X-100 has served
as a more appropriate method as this “strong” detergent
is commonly used for IF of nuclear proteins [38]. While
the permeabilizing agent contained within the eBioscience
Foxp3/Transcription Factor Staining Buffer Set used here
is not explicitly stated, similar kits such as the Human
FoxP3 Buffer Set (Catalog # 560098) from BD Biosciences
are known to contain MeOH, a common reagent used to
fix and permeabilize cells during ICFC [39]. Relatedly, we

did observe differences in the type of PE retention when
PFA + Sap and Foxp3 buffer sets were compared. We
speculate that this may simply be a consequence of how
the different buffer sets interact with cells. For example,
PFA fixation leads to protein–protein crosslinks that also
preserve overall cell structure. In contrast, MeOH is an
organic solvent that precipitates proteins through dehydra-
tion resulting in distortion of cellular morphology. This is
readily observed when forward and side scatter properties
of cells treated with these reagents are examined on a
flow cytometer. However, the idea remains to be tested.
Lastly, we did find some variance between isotypes in the
magnitude of PE and PE/Cy7 retention (Fig. 1). Previous
studies have shown that unconjugated PE can be retained
by ASCs in a concentration-dependent manner [25, 26].
As such, our observation referenced earlier may be related
to differences in constant domain structure between Ab
isotypes [40]. For example, differences in lysine amino acid
number may directly impact the efficiency of fluorochrome
conjugation [41]. In this sense, increased lysine residues
within a particular isotype could lead to a higher ratio of
fluorochrome conjugation and thus higher retention of PE.

An obvious question becomes why do ASCs exhibit
PE retention and by extension, why does centrifugation
augment this retention phenotype? While our study does
not directly address this, a possibility may be related
to the major function of ASCs which is the production
of Abs. Of note, Abs are heavily glycosylated [42] and
various compounds exist that bind carbohydrates [43]
facilitating their detection independent of specific Ab–
antigen interactions. Therefore, it is tempting to speculate
that the high abundance of intracellular immunoglobulins
combined with repetitive centrifugation can induce PE
retention through incidental damage to cellular glyco-
proteins resulting in exposure to PE-interacting surfaces
or structures. Alternatively, ASCs possess an expanded
ER and Golgi network which could also suffer from the
same postcentrifugation consequences hypothesized for
Abs. Along these lines, it would be of interest to investigate
PE retention in other cells which possess an expanded ER
compartment such as pDCs [44]. Would the deletion of
Xbp1 which leads to loss of the expanded ER network
in ASCs [45] and pDCs [46] result in the loss of PE
retention?

Regardless of causation, the ability to ameliorate PE
retention, as shown here, now facilitates the usage of PE-
and PE/Cy7- conjugated Abs in assessing intracellular pro-
tein expression by ASCs. This is relevant to stand-alone
analysis of ASCs as well as comparison to other cell types
such as naive or activated BCs. This is a critical point as
BC to ASC differentiation has been correlated with the
acquisition of selected cytokine expression [23, 47] and
could theoretically serve as a key diagnostic tool in the right
context [48]. As such, reducing any potential for a false pos-
itive is critical [49]. To this end, FMOs and isotype control
Abs have both been utilized in the field of flow cytometry
and hotly debated regarding which strategy provides the
“correct” analysis. We would suggest that much like any-
thing else; this depends on context. For ICFC of ASCs, the
use of PE- and PE/Cy7-conjugated isotype control Abs is
critical in identifying a retention phenotype (Fig. 1) [25, 26]
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that would have been misinterpreted for positive staining if
only FMO samples and those stained with target-specific
Abs were assessed.

Finally, we provide biological insight at the protein level
into the evolution of ASCs and their potential to interact
with the surrounding environment. RNA sequencing of
mouse bone marrow PCs [50], as well as a quantitative
polymerase chain reaction of human peripheral blood PBs
and tonsillar PCs [35], has demonstrated expression of Tlr7
at the gene level. We show here that a portion of SPL ASCs
expresses TLR7 (Fig. 5). Given the role of this protein
during viral responses [51], it will be interesting to see how
ASC expression of TLR7 changes during infection and
whether or not this contributes to the functionality of these
cells. Furthermore, we showed relatively equivalent Pro-IL-
1β expression in SPL PBs and PCs (Fig. 5). This contrasted
RNA sequencing data available in the ImmGen database
(http://rstats.immgen.org/Skyline/skyline.html) which illus-
trates enriched expression of Il1b transcripts in SPL PBs
relative to PCs (Supplementary Fig. 4A). This may reflect
active Il1b transcription and translation in PBs with Pro-
IL1β protein being preloaded and maintained in PCs upon
their subsequent maturation. This type of regulatory circuit
has been previously defined within germinal center B cells
as they transition between light and dark zone states [52].
Alternatively, these differences may be due to the use of
varied gating strategies as PBs and PCs in the Immgen anal-
ysis were bifurcated based upon Prdm1-green fluorescent
protein reporter activity as well as major histocompatibility
complex class II expression.

In summary, we have identified a key contributing factor
to the ASC retention of PE and its related molecules (i.e.,
PE/Cy7) during ICFC. It should be noted that this and
other studies [25, 26] regarding ASC retention of PE have
focused on mouse cells. Human ASCs are ultrastructurally
similar to those of mice (e.g., expanded ER network); how-
ever, it is currently unknown if human ASCs suffer from
the same PE retention. Regardless, we provide a framework
to not only determine the existence of PE retention in
human ASCs and other cell types (e.g., pDCs) but to also
ameliorate its impact on ICFC staining.
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