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Abstract
Adipose tissue inflammation is a major mechanistic link between obesity and chronic disease. To
isolate and characterize specific leukocyte populations, e.g. by flow cytometry, tissue needs to be
processed to digest the extracellular matrix. We have systematically compared the impact of
different commonly used collagenase preparations, digestion times, and normalization strategies
on the reproducibility of flow cytometric phenotyping of adipose tissue leukocyte populations.
Subcutaneous adipose tissue was obtained from 11 anonymous donors undergoing elective
procedures at a plastic surgery clinic in Seattle, WA. We found that collagenase alone consistently
produced better cell yields (p=0.007) than when combined with additional proteases such as the
commercially available liberases. Moreover, liberase significantly degraded the cell surface
expression of CD4 (p<0.001) on T cells and to a lesser extent CD16 (p=0.058) on neutrophils.
Extension of the digestion interval from 30 to 120 min did not significantly impact cell viability
(p=0.319) or yield (p=0.247). Normalization by either ‘live-gate’, or percentage of CD45pos

leukocytes exhibited the lowest coefficient of variation for tissue digests between 60 and 75 min,
compared to normalization per gram of tissue, which consistently exhibited the greatest
variability. Our data suggest that digestion of adipose tissue using pure collagenase for 60 to 75
min provides the best cell yield and viability, with minimal degradation of cell surface markers

© 2012 Elsevier B.V. All rights reserved.

Corresponding Author: Mario Kratz, PhD, Cancer Prevention Program, Division of Public Health Sciences, Fred Hutchinson Cancer
Research Center, 1100 Fairview Avenue North, M4-B402, Seattle, WA 98109-1024, USA, Phone: (206) 667-7362, Fax: (206)
667-7850, mkratz@fhcrc.org.

Disclosure Summary: The authors have nothing to disclose.

Author Contributions
D.K.H. and J.N.K. collected and interpreted study data, co-wrote the draft manuscript and reviewed/revised the final manuscript.
K.E.F-S. and K.W.M aided in study design, contributed to specimen collection and data interpretation, and reviewed/edited the
manuscript. I.L. and J.R.G. recruited study subjects, contributed to specimen collection, and reviewed/edited the draft manuscript. L-
Y.K., A.C., and E.G. contributed to data collection and interpretation, and reviewed/edited the manuscript. M.K. designed the study,
collected and interpreted study data, co-wrote draft manuscript, and reviewed/revised final draft.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
J Immunol Methods. Author manuscript; available in PMC 2013 December 14.

Published in final edited form as:
J Immunol Methods. 2012 December 14; 386(1-2): 50–59. doi:10.1016/j.jim.2012.08.018.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



used to identify immune cell subpopulations, and best reproducibility independent of the
normalization strategy.
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1. Introduction
The global prevalence of obesity has reached epidemic proportions, serving as a harbinger
of greater morbidity and mortality. In addition to being strongly associated with the
incidence of type 2 diabetes mellitus (T2DM) (Shoelson et al., 2007) and cardiovascular
disease (CVD) (Berg and Scherer, 2005), obesity also increases the risk of several common
cancers (Calle et al., 2003; McMillan et al., 2006; Pischon et al., 2008). Key components
linking these diseases with obesity are metabolic disruptions such as insulin resistance and
hyperinsulinemia, as well as the establishment of a chronic low-grade inflammatory state
(Greenberg and Obin, 2006; Shoelson et al., 2006; Andersson et al., 2008). This
inflammatory state is reflected by elevated concentrations of circulating inflammatory
cytokines and acute phase proteins (Yudkin et al., 1999; Clement et al., 2004; Berg and
Scherer, 2005; Kahn et al., 2006; Shoelson et al., 2006; Lumeng et al., 2007c).

Systemic inflammation in obesity is thought to be largely caused by adipose tissue
infiltration with macrophages as body fat mass expands (Weisberg et al., 2003; Xu et al.,
2003; Curat et al., 2006; Zeyda et al., 2007; Zeyda and Stulnig, 2007; Andersson et al.,
2008). Importantly, macrophages are known to secrete the pro-inflammatory cytokines
interleukin-6 (IL-6) and tumor necrosis factor α (TNFα) that have been shown to impair
insulin action in adipocytes (Uysal et al., 1997; Lumeng et al., 2007c; Tilg and Moschen,
2008). Moreover, in models of diet-induced obesity, pro-inflammatory macrophages
increasingly express the integrin CD11c (Lumeng et al., 2007a). Intriguingly, ablation of
CD11cpos cells results in normalization of insulin sensitivity and reduced systemic
inflammation (Patsouris, 2008). Still, macrophages alone are not the sole drivers of tissue
inflammation. Both T and B cells play important roles as both inhibitors and effectors of
tissue specific inflammation. Specifically, the typically abundant CD4posFoxp3pos T cells
that regulate the innate immune system are markedly reduced in the adipose tissue of
insulin-resistant obese mice (Feuerer et al., 2009; Winer et al., 2009). In contrast, CD8pos

effector T cells accumulate in adipose tissue in response to diet-induced obesity, in advance
of macrophage accumulation. More importantly, depletion of CD8pos T cells lowers
subsequent macrophage infiltration, tissue inflammation and systemic insulin resistance
(Nishimura et al., 2009). Taken together, the prevailing evidence suggests that adipose tissue
inflammation is characterized by the accumulation of classically activated macrophages and
cytotoxic T-cells and represents a key etiological factor in the development of systemic
inflammation and insulin resistance (Xu et al., 2003; Arkan et al., 2005; Lumeng et al.,
2007a).

In order to study individual cell populations within tissues, they must be effectively isolated,
intact, while maintaining cellular function. This cell isolation process is highly influenced by
the digestive enzymes employed, the target population(s), and the structural variability of
the tissues in question (Zaba et al., 2007; Pilgaard et al., 2008). A review of the literature
revealed that tissue dissociation protocols essentially use one of two enzymatic preparations:
either collagenase alone (Janke et al., 2002; Xu et al., 2002; Xu et al., 2003; Curat et al.,
2004; Miranville et al., 2004; Schupp et al., 2005; Curat et al., 2006; Lumeng et al., 2007a;
Lumeng et al., 2007b; Lumeng et al., 2007c; Nomiyama et al., 2007; Bourlier et al., 2008;
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Kintscher et al., 2008; Patsouris, 2008; Duffaut et al., 2009; Feuerer et al., 2009; Nishimura
et al., 2009; Winer et al., 2009; Tam et al., 2010; Wang et al., 2010; Wu et al., 2010; Yang et
al., 2010; O’Rourke et al., 2011), or a blend of collagenase and other proteases (i.e.,
liberases) (Weisberg et al., 2003; Khazen et al., 2005; Angel et al., 2006; Zaba et al., 2007;
Zeyda et al., 2007; Pilgaard et al., 2008; Shaul et al., 2010; Wentworth et al., 2010).

Recently, these two enzyme preparations were compared directly with respect to their ability
to isolate stem cells from adipose tissue. The key finding was that the different enzyme
preparations produced marked differences in cell yields, viability, and cell surface antigen
expression (Pilgaard et al., 2008). The authors of this study, in concordance with Williams et
al. (Williams et al., 1995), concluded that digestion with collagenase alone is “insufficient,
as additional protease activity has proven to be essential for optimal tissue digest efficacy
and cell yield” (Pilgaard et al., 2008). Unsurprisingly, however, it turns out that
characteristics of the target population to be isolated and/or the tissue to be digested are
ultimately more important considerations in the selection of digestive enzymes. While
collagenase alone may be suboptimal for extraction of stem cells from adipose tissue
(Pilgaard et al., 2008), this may not be the case with respect to the isolation of leukocytes
from adipose tissue. In the present study, we systematically compared different
commercially available collagenase preparations with regard to cell yield and viability of
stromavascular cells (SVC) isolated from human adipose tissue, as well as their impact on
cell surface markers commonly used to identify and characterize tissue leukocyte
populations. In addition, we investigated the impact of different tissue processing and
normalization strategies on characterizing and quantifying these leukocyte populations for
flow cytometry, with a specific focus on reproducibility.

2. Methods
2.1. Adipose Tissue Collection

Subcutaneous adipose tissue was collected anonymously from 11 donors undergoing
elective abdominoplasty (‘tummy tuck’) at a plastic surgery clinic in Seattle, WA. Harvested
adipose tissues were placed in PBS with 1% BSA and transported on ice to the Fred
Hutchinson Cancer Research Center for processing within one hour of collection. The Fred
Hutchinson Cancer Research Center Institutional Review Board approved this study.

2.2. Stromavascular Cell Isolation
Using previously established protocols (Xu et al., 2002; Weisberg et al., 2003; Nomiyama et
al., 2007; Zeyda and Stulnig, 2007; Yang et al.) we compared collagenases I and IV
individually (Worthington Biochemical Corp., Lakewood, NJ) with blends of collagenases I
and II plus a neutral protease, either thermolysin (Liberase Blendzyme 3 and Liberase TM;
Roche Diagnostics, Mannheim, Germany) or dispase (Liberase DH; Roche Diagnostics).
These collagenase preparations were chosen because they are the most commonly used
collagenases in the field. Briefly, 1 g of minced adipose tissue was digested in 5 mL of
buffered saline with either 1 mg/mL collagenase or 0.035 mg/mL liberase (concentrations as
recommended by the manufacturer) for 30 to 120 min at 37°C on a gently rocking platform.
Following incubation, the digestate was passed through a 180 μm filter and washed twice
with PBS supplemented with 1% BSA. Contaminating red blood cells were eliminated via a
short incubation with 1X lysis solution (BD Biosciences, San Jose, CA). The SVC fraction
was then resuspended in PBS with 0.2% BSA plus 0.09% NaN3 and counted using a
hemocytometer.
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2.3 Immunophenotyping by Flow Cytometry
Following isolation, SVCs were stained for 30 min at 4°C with a combination of up to nine
directly conjugated primary antibodies purchased from BD Pharmingen (San Jose, CA) or
BioLegend (San Diego, CA). Appropriate isotype controls were used in conjunction with the
population defining markers CD45 (leukocytes), CD14 and CD206 (adipose tissue
macrophages; ATM), CD15 and CD16 (neutrophils), CD3, CD4 and CD8 (T cells), along
with CD11c and CD40 to further characterize individual leukocyte populations. Samples
were analyzed immediately following staining using a LSRII flow cytometer (Beckton
Dickinson, San Jose, CA) to collect up to 30,000 events in a broad gate defined by forward-
and side-scatter attributes. Analysis was conducted with FlowJo version 9.3.3 (TreeStar,
Ashland, OR) using histograms and dot plots on live cells. Live cells were defined by
fluorescence levels associated with the lower uptake of 4′,6-diamidino-2-phenylindole
(DAPI), a reactive dye that binds strongly to A-T rich regions in DNA (Calbiochem, EMD
Chemicals, Gibbstown, NJ). Positive staining was determined by comparison to staining
with the appropriate isotype controls.

2.4 Statistical Analyses
All variables were assessed for consistency with a normal distribution using normal plots
and histograms, and by the Kolmogorov-Smirnov and Shapiro-Wilk tests. Non-normally
distributed variables were logarithmically transformed prior to analysis. Results are
expressed as the mean ± standard deviation and/or as median (range). Comparisons between
groups were carried out using Student’s t-test or analysis of variance (with post-hoc
Bonferroni) where appropriate. An α-error of p<0.05 was considered significant. Statistical
analyses were performed using SPSS software (version 20.0, SPSS Inc., Chicago, IL).

3. Results
3.1 Stromavascular cell yield and viability

In the first set of experiments, we compared two different collagenases and three different
Liberase preparations separately. As outlined above, 1 g portions of minced subcutaneous
adipose tissue from the same individual donors were digested in duplicate, for varying
periods of time. Collagenase IV generally underperformed relative to collagenase I, both in
terms of cell yield (5.5 × 105 ± 3.4 × 105 cells/g of tissue [n=8] vs. 7.8 × 105 ± 4.0 × 105

cells/g of tissue [n=11]; p=0.223) and viability (74.4 ± 6.2% vs. 80.2 ± 4.4%; p=0.028),
respectively. Similarly among the liberase blends, Liberase DH produced both lower cell
viabilities (67.4 ± 8.3%, n=5; p=0.055) and yields (1.3 × 105 ± 8.3 ×104 cells/g of tissue;
p=0.004) relative to Liberase TM (viability= 76.7 ± 6.8%; yield= 5.3 × 105 ± 2.3 × 105 cells/
g of tissue; n=6) or Blendzyme 3 (viability= 75.6 ± 4.9%; yield= 3.6 × 105 ± 1.6 × 105 cells/
g of tissue, n=9).

All subsequent experiments were therefore carried out comparing collagenase I with
Liberase Blendzyme 3 and Liberase TM grouped as ‘liberase’. These two enzymes were
pooled together since they produced comparable results and owing to the fact that Liberase
TM is the second-generation replacement product of Liberase Blendzyme 3. We next
compared the performance of these two enzymes over time, with respect to yield and
viability (Figure 1). Analysis of variance (ANOVA) showed that neither the type of
digestive enzyme (liberase vs. collagenase) nor digestion time (45 min vs. 75 min) explained
variation in cell viability (p=0.175). However, collagenase produced higher cell yields (6.9 ×
105 ± 3.6 × 105 cells/g of tissue) than liberase (4.3 × 105 ± 2.0 × 105 cells/g of tissue)
independent of digestion time (ANOVA: p=0.031; post hoc tests: type of enzyme: p=0.007,
digestion time: p=0.306).
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3.2 Enzymatic digestion alters cell surface antigen expression
We next examined the effect of the tissue processing protocol (i.e., the enzyme used and
digestion duration) on the expression of leukocyte-specific cell surface markers. During our
initial series of experiments, collagenase IV appeared to offer greater preservation of cell
surface antigen expression as compared to collagenase I. On average, relative mean
fluorescence intensity (rMFI) for cells isolated by collagenase IV was higher than among
cells isolated by collagenase I. However, these differences were not significant and in
general relatively minor (data not shown). In contrast to collagenase alone, all liberases
either eliminated or markedly reduced the expression of several important leukocyte cell
surface markers (Table 1). Specifically, while CD4 was clearly expressed among a subset of
CD45posCD3pos T cells isolated with collagenase (Figure 2A), it was virtually undetectable
following digestion with liberase (Figure 2B). The rMFI of CD4 expression among all T
cells isolated with collagenase or liberase was 667 ± 390 AU and 90 ± 37 AU, respectively
(p<0.001). To a lesser extent, liberase similarly tended to impact CD8 expression (Figures
2C and 2D). Among CD45posCD3pos T cells isolated with collagenase, the rMFI of CD8
was 2,389 ± 1,269 AU compared to 1,584 ± 1,139 AU (p=0.182) following digestion with
liberase. Finally, liberase also markedly degraded the Fcγ receptor III (CD16; Figure 2,
panels E and F), which is highly expressed on neutrophils. Note the leftward shift in the
CD45posCD15posCD16hi neutrophil population isolated with liberase (rMFI= 62,066 ±
43,961 AU) in comparison with collagenase-isolated cells (rMFI= 123,951 ± 75,778 AU,
p=0.058; Table 1). Because the degradation of CD4, CD8 and CD16 was consistent
irrespective of digestion time (data not shown), the observed effect can be attributed solely
to the different enzyme preparations.

3.3 Optimizing the digestion interval
Having established that collagenase I was superior to all other enzyme preparations with
regard to both cell viability and yield as well as preservation of important cell surface
markers, we then set out to determine the optimal digestion time. Once again, yield, viability
and cell surface marker expression were the main outcome variables. For these experiments,
1 g of minced adipose tissue was digested in duplicate, for 30, 60, 90 and 120 min, and
replicated using three separate donors. Over this 90 min span, cell viability was not affected
by the duration of digestion (Figure 3A; test for trend p=0.171), while cell yield increased
over time (Figure 3B; test for trend p=0.05). The expression of several cell surface markers
including CD16, CD4, and CD8 was greatly lower in 60 min digests as compared to 30 min
(Table 2), with minimal change between 60 and 90 min. Extending digestions beyond 90
min consistently revealed further substantial degradation in the rMFI of almost all markers
examined (Table 2). Nevertheless, while most surface antigens exhibited some degree of
attenuation after following prolonged digestions the identity of specific cell populations
remained readily ascertainable. This suggests that adherence to a strict digestion time is less
crucial for subsequent immunophenotyping of immune cells in tissue than is the type of
enzyme used to liberate the cells. It does suggest, however, that digestion time should be
standardized to minimize variability between tissue digests. Thus, taking the data from
Figure 3 and Table 2 into account, extending tissue digestions beyond 30 min leads to some
degradation of cell surface antigens, but also provides much greater yields of SVCs from
adipose tissue. By contrast, extending the duration from 90 to 120 min did not enhance cell
yield while continuing to degrade cell surface antigens. These data suggest that digestion
with Collagenase I for 60 to 90 min may provide a good balance between cell yields and
preservation of cell surface markers.

3.4 Data normalization
Contextually, it is desirable for comparative purposes to normalize flow cytometry data to a
predefined reference or standard, particularly when the goal is to quantify a certain
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leukocyte population or subpopulation. Unfortunately, this is often either not performed, or
the method of normalization is unclear. There are several such approaches described in the
literature, including normalization as a percent of the SVC (Weisberg et al., 2003; Curat et
al., 2004; Miranville et al., 2004; Curat et al., 2006; Bourlier et al., 2008; Patsouris, 2008;
Duffaut et al., 2009; Nishimura et al., 2009; O’Rourke et al., 2011), per g of tissue digested
(Lumeng et al., 2007a; Zeyda et al., 2007; Bourlier et al., 2008; Duffaut et al., 2009; Shaul et
al., 2010; Wu et al., 2010), as a percentage of all leukocytes (CD45pos) (Wu et al., 2010;
O’Rourke et al., 2011), or as a percentage of a specific leukocyte population, such as ATM
(Shaul et al., 2010; Wentworth et al., 2010). We conducted a series of experiments to assess
the impact of different methods of normalization on reproducibility and data interpretation.
In these experiments, we compared normalization by live-gate, per g of tissue used, and as
percentage of the total CD45pos cell population, for CD14posCD206pos ATM and CD3pos T
cells.

As described previously, 1 g of minced fat was digested in duplicate with collagenase I for
30 to 120 min, and repeated with three subjects. We then quantified the CD14posCD206pos

ATM and CD3pos T cell populations in the SVCs and normalized them as a percentage of
live-gate (defined by negative uptake of DAPI), as a percentage of CD45pos leukocytes, and
per g of AT. The coefficient of variation (CV) for each of these three normalization
strategies, as a measure of reproducibility, was then calculated based on three replicate
experiments. When considering ATM, the lowest CV across all normalization strategies was
seen at 60 min with relatively good CV at 75 min (Table 3). Interestingly, normalization per
g of tissue consistently exhibited the greatest variability, possibly related to the large
variability in cell yields particularly when the tissues were digested for a relatively short
period of time (i.e., 30 min). For CD3pos T cells, all three approaches showed the best
reproducibility (lowest CV) at 75 min, although normalization by either live-gate or percent
CD45pos exhibited comparably little variability at 45 min (Table 3). Of the three
normalization strategies examined, percent live-gate and percent of CD45pos cells exhibited
the least amount of variability and greatest agreement across a broad range of digestion
intervals. In contrast, reporting as per g of adipose tissue was highly variable and only
provided good reproducibility at 60 and 75 min digestion intervals.

4. Discussion
The isolation of specific cell populations from tissue remains a critical step in the
understanding and characterization of many human diseases. Key to such studies is the
development of standardized, reproducible approaches for cell isolation and
characterization. Variations among existing protocols are likely to produce suboptimal cell
isolates, inconsistencies between cell yields, viability, or cell surface marker expression
leading to poor reproducibility, and ultimately to unintended biases or mistakes in
subsequent data interpretation. We therefore set out to identify an approach that focused on
reproducibility and consistency in the isolation of leukocytes from human adipose tissue.
Specifically, we assessed the performance of five different commonly used digestive
enzymes over an extended interval and assessed cell viability, yield, and cell surface marker
expression by flow cytometry.

Our results on enzyme performance contrast markedly with the study by Pilgaard et al.
(Pilgaard et al., 2008), which focused on isolating stem cells from adipose tissue. In our
study, the isolation of leukocytes from adipose tissue revealed that both collagenase alone or
in combination with other proteases appear generally comparable in terms of cell viability.
However, with respect to cell yield and surface marker expression, we observed superior
performance when using collagenase alone versus liberase. Notably, collagenase typically
yielded 60% more cells per g of tissue than liberase (when both are used in the
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concentrations typically described in the literature). This difference has the potential to
significantly impact studies that aim to characterize the relationship between adipose tissue
leukocyte populations and phenotypic features such as body mass or insulin resistance
(Weisberg et al., 2003; Curat et al., 2004; Curat et al., 2006; Zeyda et al., 2007; Winer et al.,
2009; Wentworth et al.; Wu et al., 2010). Moreover, in both human and animal studies alike,
live tissue is often difficult to obtain in large quantities, hence maximizing cell yield is
important. Finally, an additional important consideration would be potential lot-to-lot
variability in commercially available enzyme preparations. While this was not tested
formally in the present study, more than one lot of collagenase I and the liberase
preparations were used in different experiments, without any clear impact on cell viability or
other measured outcomes. It would nevertheless remain advisable to obtain a sufficient
amount of a given enzyme lot to complete a specified set of experiments so as to minimize
potential variability.

Another aspect where collagenase alone clearly outperformed liberase, not addressed by
Pilgaard et al. (Pilgaard et al., 2008), involved maintaining the integrity of cell surface
markers. Specifically, the added proteases in liberase blends selectively degraded CD4. This
eliminates the possibility of identifying CD4pos T cells, which include TH1, TH2, and
regulatory sublineages (such as FoxP3pos). Notably in humans, the relative proportion of
TH1 to FoxP3pos T cells in visceral adipose tissue correlates with body mass index (Winer et
al., 2009). Combined with the additional revelation that liberase similarly degrades CD8
expression, it would follow that the use of liberase is inappropriate for studies characterizing
T cell populations in tissue. As a final confounding factor, the apparent increase in the
number of CD4neg cells (Figures 2A and 2B) suggests that liberase may simply eliminate
cell surface marker expression without harm to the cells. This could then lead to a
significant overestimation (misrepresentation) of individual cell populations, particularly
when a small panel of markers is used.

Finally, we set out to address the issue of data normalization as it pertains to flow cytometry.
Oftentimes in the published literature, either the method of normalization is not stated or the
reference population remains unclear, which creates difficulties in comparing results across
studies. As our data show, the digestion protocol and normalization strategy also greatly
affect reproducibility of the data yielded from flow cytometry experiments. One of the keys
to this process is defining a reference cell population, which is typically defined by a broad
gate aimed at encompassing the viable, intact, single cells of the SVC fraction. This ‘gate’,
frequently referred to as a ‘live-gate’ is typically drawn by eye based on the assumption that
live cells fall within a certain range of size and granularity (i.e. forward and side-scatter
attributes). In order to unequivocally define a live cell population, the ‘live-gate’ should be
further refined using a cell permeable dye, such as DAPI, propidium iodide or one of the
LIVE/DEAD® viability assays in order to remove dead cells from the analysis. This live cell
population can then serve as the defining reference population for further normalization
approaches discussed above.

Of course, all normalization approaches have inherent limitations. Normalization by live-
gate is strongly dependent upon cell viability post digestion, which impacts cell yield. Our
data suggest that over- or under-digesting the tissue reduces the ability to reproducibly
measure the number of cells in a given amount of tissue. Not surprisingly, normalizing to the
number of all CD45pos cells (i.e., all leukocytes) showed less variability across tissue
processing conditions, and an overall good reproducibility. A potential limitation of
normalizing to live-gate or all CD45pos cells is that in inflammation, the number of total
leukocytes and with that also the number of SVCs will dramatically increase in adipose
tissue. This is illustrated by the fact that the SVC yield is often several-fold greater if
adipose tissue from an obese individual is digested, as compared to tissue obtained from a
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lean person. Normalizing to live-gate or all CD45pos cells may not be able to detect higher
numbers of one specific type of leukocyte if the number of other leukocytes is also higher in
adipose tissue from that individual. It does therefore seem important to consider the total
number of SVCs isolated from adipose tissue in the normalization strategy, as this may more
accurately reflect the actual numbers of specific leukocyte populations. At the same time,
because the number of SVCs isolated from adipose tissue depends greatly on the digestion
protocol, specifically the type of collagenase and the digestion time, it is important to
standardize the tissue processing in all regards when using this normalization approach.
Given that each of these approaches has important limitations, it would appear advisable to
routinely use and report data using at least two normalization strategies, as this approach
would provide the most complete picture of the cellular composition of the tissue and allow
for changes in cell populations to be accurately measured and compared.

5. Conclusion
The identification, characterization, and isolation of selected immune cell populations
remain a critical step in furthering the understanding of disease etiology. Key to such studies
is the development of standardized, reproducible approaches as variations among existing
protocols are likely to produce suboptimal cell isolates, inconsistencies between cell yields,
viability, or cell surface marker expression, or even incorrectly identified cell populations.
Any or all of these may contribute to errors in data interpretation, resulting in misleading or
erroneous conclusions. An issue of potential importance not addressed experimentally in this
study is that of lot-to-lot variability in enzyme preparations. While all experiments described
herein were conducted with individual batches of enzymes, we

Our data suggest that the isolation of SVCs from human adipose tissue, using collagenase I
for 60 to 75 min, provides the best cell yield and viability, with the lowest degree of
degradation of cell surface markers used to define resident leukocyte populations. It also
provides the best reproducibility, independent of the normalization strategy. We further
recommend considering the use of two normalization strategies to compensate for the
limitations that are inherent within each individual approach.
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ATM adipose tissue macrophage

CV coefficient of variation

DAPI diamidino-2-phenylindole

rMFI relative mean fluorescence intensity

SVC stromavascular cell
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Figure 1. Stromavascular cell viability and yield from adipose tissue following digestions with
either collagenase or Liberase
(A) Analysis of variance (ANOVA) revealed that neither the type of digestive enzyme used
(collagenase or liberase) nor digestion time (45 vs. 75 min) explained variation in cell
viability (p=0.175). (B) Cellular yields differed with the enzyme used (ANOVA: p=0.031),
with collagenase producing on average higher yields (post hoc: p=0.007) independent of
digestion time (post hoc: p=0.306). All tissue digests were carried out in duplicate on 1 g of
minced adipose tissue. Data are presented as mean ± S.D. of 6–7 replicate experiments.
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Figure 2. Dot plots of surface antigen expression of select cell populations isolated from
subcutaneous fat
Adipose tissue was digested for 60 min with either collagenase I (panels A, C and E) or
Liberase (panels B, D and F) at 37°C. Among CD3pos lymphocytes, CD4 expression was
preserved following digestion with collagenase (A), but was eliminated by Liberase (B).
Similarly, while CD8 expression was preserved in digestions with collagenase (panel C),
there was a marked reduction (leftward shift) in CD8 signal intensity following digestion
with Liberase (panel D). Comparable results for CD16 expression on
CD45posCD15posCD16hi neutrophils were also observed in comparisons between
collagenase (E) and Liberase (F) preparations.
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Figure 3. Stromavascular cell viability and yield over time
Adipose tissue was digested in duplicate for up to 120 min with collagenase I (1 mg/ml) at
37°C. Tests for trend revealed no differences in viability (A, p=0.171) but improving yields
with longer digestions (B, p=0.05). Data represent the mean ± S.D. of three replicate
experiments.
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Table 1

The effect of different enzyme preparations on the relative mean fluorescence intensity (rMFI)* of leukocyte
surface antigens in human stromavascular cells freshly isolated from adipose tissue following a 45–75 min
digestion.

Cell population Surface Marker Collagenase I (1 mg/ml) mean (SD)
N=10

Liberase (0.035 mg/ml) mean
(SD)
N=8

p value

Leukocytes (CD45pos) CD45 3,771 (553) 3,992 (771) 0.489

Neutrophils (CD15posCD16hi) CD16 123,951 (75,778) 62,066 (43,961) 0.058

Macrophages (CD14posCD206pos)

CD14 4,237 (1,892) 4,972 (1,598) 0.146

CD206 6,038 (1,538) 5,143 (1,476) 0.397

CD11c 310 (141) 318 (124) 0.696

CD40 686 (413) 565 (311) 0.502

CD16 738 (671) 1051 (774) 0.372

T lymphocytes (CD3pos)

CD3 1,423 (856) 1,664 (831) 0.558

CD4 667 (390) 90 (37) <0.001

CD8 2,389 (1,269) 1,584 (1,139) 0.182

Lymphocytes CD16 21,117 (21,450) 18,476 (16,418) 0.897

*
rMFI was determined by subtracting the MFI of the isotype controls from the MFI for each population identified by a defined gate using specific

cell surface markers. MFI itself was obtained using the geometric mean statistic.
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