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ABSTRACT

Careful preparation of human tissues is the cornerstone

of obtaining accurate data in immunologic studies. De-

spite the essential importance of tissue processing in

tumor immunology and clinical medicine, current meth-

ods of tissue disaggregation have not been rigorously

tested for data fidelity. Thus, we critically evaluated the

current techniques available in the literature that are

used to prepare human lung tumors for immunologic

studies. We discovered that these approaches are

successful at digesting cellular attachments and ECMs;

however, thesemethods frequently alter the immune cell

composition and/or expression of surfacemolecules.We

thus developed a novel approach to prepare human lung

tumors for immunologic studies by combining gentle

mechanical manipulation with an optimized cocktail of

enzymes used at low doses. This enzymatic digestion

cocktail optimized cell yield and cell viability, retrieved all

major tumor-associated cell populations, andmaintained

the expression of cell-surface markers for lineage defi-

nition and in vivo effector functions. To our knowledge,

we present the first rigorously tested disaggregation

method designed for human lung tumors. J. Leukoc. Biol.

97: 000–000; 2015.

Introduction
Detailed studies of solid human cancers face the challenge of
converting the harvested tumor into a single-cell suspension for
biologic analysis without altering the phenotype or functional
activity of the target cell population. Ideally, this process, termed
"disaggregation," should be gentle enough to maximize viability

and minimize biologic alterations, yet robust enough to optimize
cell yield and ensure that the final product accurately represents
the in vivo cellular populations [1, 2]. Currently, no standardized
techniques exist for the disaggregation of human tumor tissue
Traditionally, efforts have used matrix-degrading enzymes

[2–10] and mechanical manipulation [3, 4, 11, 12] to disrupt
cellular attachments, break down the ECM, and liberate in-
dividual cells [13]. Methods of mechanical disaggregation
(mincing, slicing, homogenizing) are rapid and simple, but they
tend to generate suspensions characterized by high cellular
damage and low cell recovery [3, 4, 6]. Although these
approaches do not alter biochemical cellular properties, they
may not successfully retrieve the less-resilient immune cell
populations in the tumor microenvironment and induce sub-
stantial cell death and damage [14]. The other classic approach,
enzymatic digestion, has variable efficacy depending on the
enzymes and the concentrations used [2]. Generally, enzymatic
methods produce higher cell yields and viabilities compared with
mechanical disaggregation [15–18], but they may have deleteri-
ous phenotypic effects through the cleavage of cell-surface
markers and/or activation of the cells [1, 19].
Given the diversity of tumor ECMs and the importance of

cellular attachments, it has been argued that tumor disaggrega-
tion techniques should be individualized for their tissue of
interest. However, to date, most disaggregation techniques have
not been developed for, and evaluated in, specific types of
human tumors; rather, a wide variety of enzymes have been used
to digest solid tumors with the assumption that this particular
enzymatic dissociation technique will provide high cell yield
without affecting functional activity of the cell populations being
studied.
Our group is studying the tumor microenvironment of human

lung cancer. Given the potential problems with each method, we
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chose to test rigorously and validate various techniques to process
our human NSCLC specimens. The most important factors that
we considered were the project-dependent endpoints, including
high immune cell yield and high cell viability, along with
maintenance of key surface markers and functional character-
istics. We found that currently available methods caused
alterations in the true immune cell profile and thus, can provide
misleading results. We present an optimized approach for lung
cancer that maintains cell yields and preserves surface markers. A
similar strategy can be developed for other tumors of interest.

MATERIALS AND METHODS

Patients and specimen collection
NSCLC samples from patients who had undergone surgical resection were
collected at the Hospital of the University of Pennsylvania (Philadelphia, PA,
USA). All patients selected for entry into the study met the following
criteria: 1) a new diagnosis of histologically confirmed NSCLC; 2) no prior
treatment, including surgery, chemotherapy, or radiation for lung cancer;
and 3) no other known malignancy. Peripheral blood samples were
obtained from HDs. This study was approved by the Institutional Review
Board. Informed consent was obtained from each donor or patient before
collection of samples.

The combined mechanical and enzymatic approach to
tumor disaggregation
After the lung tumor was surgically removed, it was placed in wash media,
i.e., Hyclone DMEM F12 media, supplemented with 2% FBS (Thermo
Scientific, Waltham, MA, USA) and 1% penicillin-streptomycin (Life
Technologies, Carlsbad, CA, USA) and brought immediately to the lab on
ice. Samples were processed within 30–60 min of removal. The samples were
then rinsed with serum-free Hyclone DMEM/F12 media, and under sterile
conditions, the peritumoral, nonmalignant lung tissue and necrotic areas
were removed with scissors. The remaining tumor tissue was split into equal
parts (generally 0.5–1 g each) for disaggregation by the various methods.
Each tumor fragment was then sliced into 1–2 mm3 pieces by sterile
microdissection by use of curved scissors, fashioned with tungsten carbide
inserts (Biomedical Research Instruments, Silver Spring, MD, USA). These
pieces then underwent mechanical disaggregation (see Mechanical disag-
gregation below) or enzymatic digestion. For enzymatic digestion, tumor
fragments were incubated in a sealed, 50 mL centrifuge tube with a final
volume of 25 mL enzyme solution/0.5 g tissue and placed on a shaker with
a speed of 85 rpm for 45 min at 37°C. After 45 min, tumor particles were
pipetted vigorously by use of a 10 mL pipette to enhance disaggregation and
then incubated further for another 30–50 min (based on the extent of
digestion) under the same conditions. The sample was then pipetted
vigorously one last time before being passed through a 70 mM nylon cell
strainer (Fisher Scientific, Hampton, NH, USA). Gentle pressure was then
applied with the black rubber bottom of a 5 mL syringe (Fisher Scientific) to
any remaining, partially digested tissue on the cell strainer, which was then
washed with 25 mL DPBS (Corning, Corning, NY, USA). Typically, ,5% of
the tissue (consisting of mainly acellular-connective tissue) remained on the
strainer at the end of this step (see Scheme 1). The suspensions were
centrifuged for 5 min at 300 g at room temperature, the supernatant

aspirated, and the erythrocytes lysed by use of 13 RBC lysis buffer (Santa
Cruz Biotechnology, Dallas, TX, USA). The remaining cells were washed
twice in cell culture media with serum to deactivate any residual protease
and collagenase. After the final wash, the cells were resuspended in cell-
culture media (Hyclone DMEM/F12 media, supplemented with 10% FBS
and 1% penicillin-streptomycin). Cells were counted on a hemocytometer.
Viability was calculated by use of trypan blue (Sigma-Aldrich, St. Louis, MO,
USA) exclusion or LIVE/DEAD cell staining by use of the Fixable Viability
Dye eFluor 450 (eBioscience, San Diego, CA, USA).

Enzymatic cocktails
Our custom-prepared LC-collagenase enzymatic cocktails all used
Hyclone Leibovitz L-15 media, supplemented with 1% penicillin-
streptomycin (Life Technologies) as the base. L-15 media are designed
specifically for CO2-free culture conditions. The crude collagenases were
all purchased from Worthington Biochemical (Lakewood, NJ, USA). Coll
I has the original balance of collagenase, caseinase, clostripain, and
tryptic activities; Coll II contains higher relative levels of protease activity,
particularly clostripain; and Coll IV is designed to be especially low
in tryptic activity. The concentrations of specific collagenases in all
LC-collagenase cocktails were: Coll I (170 mg/L = 45–60 U/mL), Coll IV
(170 mg/L = 45–60 U/mL), and Coll II (56 mg/L = 15–20 U/mL). The
LC-Collagenase cocktails differed only in their combinations of collagenases
(see Fig. 1), not in the concentrations of Coll I, II, or IV. DNase I (25 mg/L = 50 K
units/mL = 0.002%) and elastase (25 mg/L = 0.075 U/mL = 0.002%) were
included in all LC collagenase cocktails. When used, the concentration of
protease XIV (Sigma-Aldrich) was 250 mg/L (0.875 U/mL). The CAEC stock
(Liberase, research grade; Roche Diagnostics, Indianapolis, IN, USA) was
diluted to a concentration of 0.25 Wunsch U/mL in Leibovitz L-15 media. The
HC Coll I cocktail was prepared by diluting Coll I in Leibovitz L-15 media to
a concentration of 300 U/mL.

Mechanical disaggregation
Mechanical disaggregation was performed with the gentleMACS dissociator
(Miltenyi Biotec, Bergisch Gladbach, Germany), according to the “medium
tumor” protocol set forth by the manufacturer. To replicate recent mechanical
disaggregation results [4], the incubation steps with enzyme were omitted.

Peripheral blood processing, cell isolation, and
enzymatic treatment
PBMCs and PBNs were isolated from the blood of HDs by use of Lymphoprep
(AccuPrep, 1.077 g/ml; Nycomed, Oslo, Norway) density gradient centrifu-
gation. In some experiments, CD11b+ PBMCs and CD15+ neutrophils were
isolated by use of CD11b and CD15 MicroBeads, respectively, according to the
manufacturer’s instructions (Miltenyi Biotec). T cells, from the PBMC fraction
of HD whole blood, were isolated by use of T cell enrichment columns (R&D
Systems, Minneapolis, MN, USA), according to the manufacturer’s
instructions.

Phagocytosis assay
Enzymatically treated or control CD15+ neutrophils (0.1 3 106) were
incubated with pHrodo Escherichia coli BioParticles conjugates (Molecular
Probes, Life Technologies). The cells were then incubated for 1 h at 37°C in
5% CO2. After incubation, the cells were washed twice with cell-culture media
and resuspended in DPBS for flow cytometric analysis.

Scheme 1. Combined M&E approach: a step-by-step description.
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Cytotoxicity assay
One day before the experiment, 0.2 3 105 GFP-labeled A549 cells (a human
lung carcinoma cell line) were plated per well in a sterile, tissue culture-
treated Nunc F96 MicroWell black polystyrene plate (Thermo Scientific) in
cell-culture media. On the day of the experiment, 0.2 3 105 enzymatically
treated or control CD15+ neutrophils were added to the culture with PMA
(10 ng/mL) or with PMA plus Apocynin (100 mM; both from Sigma-Aldrich).
After a 24 h incubation, wells were washed to remove dead cells, 50 mL DPBS
was added, and the remaining fluorescence was measured by use of the
GloMax-Multi Detection System (Promega, Madison, WI, USA). Cytotoxicity
was calculated according to the equation: [(GFP fluorescence of wells with
tumor cells alone) – (GFP fluorescence of wells with added CD15+

neutrophils)]/(GFP fluorescence of wells with tumor cells alone) 3 100.

Reactive oxygen species detection
The production of H2O2 by PBNs was measured by use of Amplex Red
hydrogen peroxide/peroxidase assay kit (Invitrogen, Carlsbad, CA, USA),
according to the manufacturer’s instructions.

T Cell proliferation assay
Autologous PBMCs or T cells were isolated from the blood of HDs, as
described above. CFSE-labeled T cells (0.1 3 106) or PBMCs were cocultured
in cell-culture media with enzymatically treated or control CD11b+ PBMCs or
CD15+ neutrophils at a 1:1 ratio in a 96-well U-bottom plate (Corning), coated
with anti-CD3 antibody (1 mg/ml) and CD28 antibody (5 mg/ml). After 4 days,
the T cells or PBMCs were collected and stained with monoclonal anti-CD3-
allophycocyanin (BioLegend, San Diego, CA, USA). Proliferation was
analyzed as the dilution of CFSE in CD3+-gated cells.

Flow cytometry
Flow cytometric analysis was performed according to standard protocols. Details
about the antibodies used are listed in Supplemental Table 1. Matched isotype
antibodies were used as controls. Data were acquired by use of the FACSCalibur
or LSRFortessa flow cytometers (both from BD Biosciences, San Jose, CA, USA)
and were analyzed by use of FlowJo software (Tree Star, Ashland, OR, USA).

Statistics
Unpaired Student’s t-tests were implemented to compare differences in
continuous variables between two groups. ANOVA with post hoc testing was
used for multiple comparisons. We considered differences statistically
significant when P , 0.05. Graphical data were expressed as the mean 6 SEM.

Statistical analysis was conducted by use of Stata Software (StataCorp LP,
College Station, TX, USA).

RESULTS AND DISCUSSION

Comparison of current techniques in the disaggregation
of human NSCLC

Multiple approaches have been reported previously to isolate
immune cells from solid human tumors (Supplemental Table 2).
However, unlike murine tumor models, no standardized techni-
ques have been developed for the dissociation of human tumor
tissue. We developed a panel of different methods to evaluate for
the disaggregation of NSCLCs after conducting a literature search
of the common techniques for solid human cancers (Supple-
mental Table 2). We included three standard techniques: HC-Coll
I [4, 7, 20–23], a CAEC [24–27], and mechanical disaggregation
alone [4]. We also hypothesized that combinations of enzymes in
low concentration would synergize to optimize better cell yield, cell
viability, and cell phenotype than would any enzyme alone or in
HC. To test this hypothesis, we prepared 7 novel enzymatic cocktails
(selected cocktail components outlined in Table 1) composed of
different combinations of lLC-Coll I, II, and IV (composition
outlined in Table 2) and protease XIV. In addition, we tailored
these cocktails specifically for lung tissue by adding elastase to break
down the significant amount of elastin in the lung.
Our first objective was to evaluate these techniques based on

maximum cell yield and cell viability. We found that cell yields

Figure 1. Cell yields and viabilities associated with
various disaggregation methods in the combined
M&E approach. For bar graphs, each bar represents
mean6 SEM. Statistical analyses were performed with
one-way ANOVA (*P , 0.05). Each method was
tested on at least 4 tumor samples. (A) Average cell
yields after disaggregation with multiple methods
(millions/g). Tumors were divided into pieces of
equal mass, disaggregated with different enzymatic
cocktails, and the resulting single-cell suspensions
counted via trypan blue exclusion, Cktl, Cocktail;
Mech. disagg., mechanical disaggregation; Prot,
protease. (B) Average percentage dead cells among
disaggregation samples by use of trypan blue
exclusion. (C) Cell viability after tumor digestion
with Cocktail #2. Representative dot plots of
disaggregated cells stained with Fixable Viability
Dye eFluor 450 to detect live/dead cells. SSC-H,
Side-scatter-height.

TABLE 1. Components of Cocktails #1–3, CAEC, and HC-Coll I

Cocktail Components

#1 Coll I, II, IV; DNAse; elastase; protease XIV
#2 Coll I, II, IV; DNAse; elastase
#3 Coll II, IV; DNAse; elastase
CAEC Coll I, II; neutral protease (thermolysin)
HC-Coll I Coll I; DNAse; elastase

Quatromoni et al. An optimized disaggregation technique for lung tumor
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increased as the number of enzymatic components increased
(Fig. 1A). The addition of protease XIV to 3 collagenases
(Cocktail #1) generated some of the highest cell yields, rivaling
those of HC-Coll I and CAEC. Mechanical disaggregation and
enzymatic cocktails composed of a single collagenase were
associated with the lowest cell yields. In addition, mechanical
disaggregation was associated with the lowest cell viability
(Fig. 1B). Comparatively, every enzymatic cocktail resulted in
significantly higher viabilities. Figure 1C demonstrates the high
cell viability of single-cell suspension after tumor digestion with
enzymatic cocktails. Based on the balance between high cell yield
and high cell viability, we selected Cocktails #1–3 with multiple
enzymes, HC-Coll I, and CAEC for further characterization of the
effects on cell phenotype and function.

Cocktail #2 (LC-Coll I, II, IV) and Cocktail #3 (LC-Coll
II, IV) preserve tumor-associated immune
cell-surface markers
Our next objective was to determine the effect of tissue
disaggregation on the expression of general tumor-associated
immune cell-surface markers. We hypothesized that combinations
of different collagenases at low concentrations would preserve
these markers and that exposure to high levels of proteases with
broad specificity (e.g., in Cocktail #1 and CAEC) would lead to the
loss of these surface markers. For expression levels of surface
markers, we used our results with mechanical disaggregation alone
(by use of no enzymes) as our “gold standard,” as the mechanical
disaggregation was not associated with any marker cleavage.
Lymphocyte markers. We investigated the lymphocytic

markers CD3, CD4, and CD8 (T cells), CD45RO (antigen-
experienced T cells), CD19 (B cells), and CD62L (marker of
activation). Cocktail #1 (LC-Coll I, II, IV, protease XIV) and
CAEC had the most negative impact on common lymphoid
markers. Cocktail #1 and CAEC substantially cleaved CD4
(Fig. 2A and C; P , 0.05) and CD8 (Fig. 2B and D; P , 0.05). In
addition, both Cocktail #1 and CAEC cleaved CD62L on CD3+

T cells (data not shown; P , 0.05). HC-Coll I had no effect on
CD8 (Fig. 2B and D) but partially cleaved CD4 (Fig. 2A and C;
P, 0.05). No significant differences existed between the CD4+ or
CD8+ percentages or MFIs after disaggregation with Cocktail #2,
Cocktail #3, or mechanical disaggregation. The expression of the
CD45RO, CD3, and CD19 was not different among the groups
(P . 0.05; data not shown).
Myeloid markers. We investigated the myeloid markers CD11b

and CD33 (common myeloid lineage), CD15 and CD66b
(neutrophils), CD14, HLA-DR (MHC class II), and CD163

(monocytes/macrophages). Cocktail #1 also had the broadest
negative effects on the expression of common myeloid markers.
Cocktail #1 partially cleaved HLA-DR (Fig. 2E and F) and CD163
(Fig. 2G and H) on CD11b+ cells, resulting in significantly
decreased expression levels (P , 0.05). CAEC was milder than
Cocktail #1, as its effects were limited to the partial cleavage of
HLA-DR (Fig. 2F; P , 0.05). No significant differences existed
among HLA-DR+, CD163+, or CD15+ percentages or MFIs after
disaggregation with Cocktail #2, Cocktail #3, and mechanical
disaggregation. The expression of the remaining myeloid markers,
CD33, CD11b, and CD14, on CD11b cells was not different
among the groups (P . 0.05; data not shown).
These findings suggest that enzymatic cocktails containing high

levels of proteases with broad specificity protease XIV adversely
affect the expression of cell-surface markers as a result of
indiscriminate cleavage [18, 19]. Despite these effects, proteases
with broad specificity, such as caseinase and clostripain, are
included in crude collagenase preparations because of their ability
to enhance the liberation of cell populations. Our results suggest
that it should be a fine balance between collagenases or elastases
with narrow specificity and proteases with broad specificity in an
enzymatic cocktail; certain “milder” commercial collagenase prep-
arations optimize this balance (Coll I and Coll IV), whereas other
“harsher” preparations (Col II, CAEC, Cocktail #1) skew the
balance, leading to inadvertent cell-marker damage. Whereas the
50–60 U/mL concentrations of Coll I and Coll IV that we used were
4- to 20-fold lower than levels reported in the literature [2–4, 6, 20,
28], we decreased the concentration of Col II by an additional factor
of 3, as a result of its higher relative levels of proteases with broad
specificity. In so doing, we intentionally limited the presence of
proteases with broad specificity associated with this type of
collagenase, which likely led to better maintenance of cell-surface
marker expression associated with Cocktail #2.
In summary, Cocktail #2 and Cocktail #3 best preserved general

immune cell markers. Given the slightly higher cell yield of Cocktail
#2 compared with Cocktail #3, we moved forward with this cocktail
and compared its phenotypic and functional effects more closely
with those of CAEC and HC-Coll. Although mechanical disaggre-
gation maintained the expression of lymphoid and myeloid
markers, it consistently generated poor cell yields and cell viabilities
(as demonstrated by Fig. 1A and B); thus, we did not proceed with
further phenotypic and functional analysis by use of this method.
Given the recent interest in human tumor-associated APCs

[29], defined as CD11b+CD15-CD14+CD33+ (Fig. 3A), we then
compared the effects of CAEC, HC-Coll I, and Cocktail #2 on
the expression of functionally significant surface markers in
this population. We investigated the cell-surface proteins
important in antigen presentation (HLA-DR), costimulation
(CD86, CD40), adhesion (CD54), and mannose recognition
(CD206). As demonstrated by the representative flow cytom-
etry dot plots, CAEC partially cleaved HLA-DR+ (Fig. 3B and G),
CD40+ (Fig. 3D and H), CD206+ (Fig. 3E and I), and CD54+

(Fig. 3F and J). There were no significant differences in
marker expression between Cocktail #2 and HC-Coll I. Thus,
relative to Cocktail #2 or HC-Coll I, CAEC had significant effects
on key tumor-associated APC markers. Of particular importance is
the artificial generation of a CD14+HLA-DR– cellular population
(Fig, 3B). Recently isolated from the tumors of head and neck

TABLE 2. Components of the crude collagenase preparations
used in our custom-prepared LC-collagenase cocktails and

HC-Coll I cocktail

Collagenase Components

I Collagenase, caseinase, clostripain,
and tryptic activities

II Higher relative levels of protease
activity (clostripain)

IV Especially low in tryptic activity
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cancer patients, this population has been referred to as
immunosuppressive monocytic myeloid-derived suppressor cells,
based on its ability to inhibit T cell proliferation and IFN-g
production [27, 30].
Our findings regarding the artificial cleavage of multiple cell-

surface markers by certain disaggregation methods are signif-
icant. Not only may it help explain much of the lab-to-lab
discrepancy present in the literature, but it’s also possible that
such effects have led to false conclusions about the presence of
specific cellular populations and their biologic characteristics.

For example, the cell population characterized by CD14+HLA-
DR– has been described recently as “immunosuppressive,”
capable of inhibiting T cell proliferation and IFN-g production
[27, 31]. We found this population was artificially increased
after treatment with CAEC as a result of reduced HLA-DR
expression (CD14 expression was unchanged). On the other
hand, we found another population, CD14+CD206+ macro-
phages, to be decreased after CAEC exposure as a result of
partial cleavage of CD206 (a marker of M2-like tumor-
associated macrophages).

Figure 2. The effects of multiple disaggregation methods on general tumor-associated immune cell-surface markers. Tumor tissue samples of equal mass
underwent disaggregation with different enzymatic cocktails or mechanical disaggregation. The expression of the indicated surface markers within the
disaggregation samples was then analyzed with flow cytometry on gated live CD45 cells. For bar graphs, each bar represents mean 6 SEM. Statistical
analyses were performed with one-way ANOVA (*P , 0.05). Each method was tested on at least 3 tumor samples. (A and B) Graphical summaries of the
proportion of CD4 and CD8 in the disaggregated tumor. (C and D) Representative dot plots displaying CD4 and CD8 expressions, respectively. One
experiment of 4 is shown. Expression levels are marked in each gate, and MFIs are provided where appropriate. (E–H) Summary of the markers
differentially cleaved by various disaggregation methods: HLA-DR on CD11b+ cells (E and F) and CD163+ on CD11b+ cells (G and H). Left panels show
representative dot plots, and right panels summarize the data for all experiments.
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Effects of digestion cocktails on the cell-surface marker
expression profiles of peripheral blood leukocytes
Several groups have published data generated by the coincuba-
tion of PBMCs and blood neutrophils with enzymatic cocktails [4,
19, 32]. These studies provide a further test of the enzymes, as we
could compare “digested” versus “nondigested” samples. Thus,
our next goal was to investigate the effects of these enzymes on
the cellular phenotypes of PBMCs and PBNs, which from 5 HDs,
were treated with PBS (control), Cocktail #2, or CAEC for 45 min
at 37°C before flow cytometric analysis.
As shown in the representative dot plots, CAEC cleaved CD4

and CD62L (in the CD3+ fraction) on T cells (Fig. 4A and B) and
CD62L on neutrophils (Fig. 4C), whereas Cocktail #2 had
minimal effects on these markers. CAEC only partially cleaved
the NK cell-surface marker CD56 (Fig. 4D). Whereas the CD56+

percentage was unchanged, as shown in the representative dot
plots (Fig. 4D), the CAEC MFI was reduced significantly
compared with DPBS and Cocktail #2 (P , 0.05). The expression
levels of the other lymphoid markers analyzed were not
significantly different among Cocktail #2, CAEC, and DPBS
(Table 3). The only other myeloid marker cleaved solely by
CAEC was CXCR2; its expression was reduced by 36% and was
significantly lower than the expression levels after treatment with
DPBS or Cocktail #2 (Table 4). CAEC and Cocktail #2 both
partially cleaved CD40 and CXCR1.
Although both enzymatic cocktails demonstrated some degree

of marker cleavage, our results confirm that Cocktail #2 has a less
negative impact on the expression of cell-surface markers than
CAEC, most likely as a result of reduced proteases with broad
specificity and lower concentrations of collagenases.

Figure 3. The effect of multiple disaggregation
methods on tumor-associated myeloid cell-surface
markers. Tumor tissue samples of equal mass
underwent disaggregation with Cocktail #2 (LC-
Coll I, II, IV), CAEC, or HC-Coll I, as described
previously. The expression of indicated markers
was investigated by use of flow cytometry. Each bar
represents mean 6 SEM. Statistical analyses were
performed with one-way ANOVA (*P , 0.05).
(A) Allophycocyanin (APC in Fig. 3) gating
strategy. Dot plots depict CD11b+CD15– cells; the
CD14+CD33+ population was gated for further
analysis. (B–F) Representative dot plots displaying
the expression levels of HLA-DR, CD86, CD40,
CD206, and CD54, respectively. One experiment
of 4 is shown. Expression levels are marked in
each gate, and MFIs are provided where appro-
priate. (G–J) Graphical summaries of the markers
found to be differentially affected by disaggrega-
tion methods: HLA-DR-, CD40+, CD206+, and
CD54+, respectively.
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Cocktail #2 has minimal effects on the functional
activity of peripheral blood leukocytes
Together, our data have shown that the method of processing tissue
has an impact on the surface marker-based phenotype of tumor-
associated cellular populations. However, less clear is the effect of
enzymatic protocols on the functional capacity of these populations.
Given the results, suggesting that Cocktail #2 offers the best balance
of cell yield, cell viability, and maintenance of cell-surface marker
expression, we next evaluated the effect of enzymatic treatment with
Cocktail #2 on immune cell functionality.
We compared enzymatically treated PBMCs and PBNs from

HDs with PBS-treated cells. First, it has been reported that Coll I-
and Coll IV-based enzymatic cocktails reduce the proliferative
capacity of T cells in response to CD3 stimulation [4]. To prove
that Cocktail #2 did not induce a similar effect on T cell
proliferation, we cultured enzymatically treated and control
CFSE-labeled PBMCs for 4 days in the presence of CD3
stimulation. There was no significant difference between the
average proliferation of CD3+ T cells from enzymatically treated
PBMCs and control PBMCs (Fig. 5A). Second, it is possible that
enzymes may alter the ability of myeloid cells to regulate T cell
responses. To address this issue, we cultured activated T cells with
Cocktail #2-treated or control CD11b+ PBMCs, isolated from
autologous whole PBMCs (Fig. 5B), or Cocktail #2-treated or
control CD15+ neutrophils, isolated from whole blood (Fig. 5C).
As demonstrated by the representative histograms (Fig. 5B and
C), proliferation of T cells was unchanged when enzymatically
digested CD11b+ PBMCs (P . 0.05) or CD15+ neutrophils
(P . 0.05) were added in place of their respective controls,
demonstrating that Cocktail #2 did not alter T cell proliferation
or myeloid cell regulation of T cell proliferation. Furthermore,
the enzymatic treatment of PBN did not affect the phagocytic
activity of neutrophils and their ability to produce ROS after
stimulation with PMA (Fig. 5D and E)). Neutrophils are known to
be cytotoxic to tumor cells after stimulation with PMA. Figure 5F

demonstrates that treatment of PBN with enzymatic cocktail did
not change the ability of PMA-activated PBN to kill tumor cells
(Fig. 5E). Thus, our results confirm that exposure to Cocktail #2
has minimal effects on the function of immune cells in multiple
in vitro assays.

Figure 4. The effect of enzymatic exposure on HD
peripheral blood leukocyte surface markers.
PBMCs and PBNs were incubated with PBS [control
(None)], Cocktail #2 (Coll I, II, IV), or CAEC for
30 min. Lymphocyte, myeloid, and NK cell-surface
markers were then analyzed by use of flow
cytometry. Statistical analysis was performed with
one-way ANOVA. (A–D) Representative dot plots
displaying the expression levels of CD4, CD62L on
CD3+ cells, CD62L on CD15+ cells, and CD56, CD33
on CD45+ cells, respectively. One of 5 experiments
is shown. Expression levels are marked in each gate,
and MFIs are displayed where appropriate. Control
marker expression was used as a baseline.

TABLE 3. Tabular summary of the changes in expression levels
of lymphoid markers

Marker CAEC Cktl #2 Marker CAEC Cktl #2

CD3 = = CD95/CD4 = =
CD4 ↓↓ = CD95/CD8 = =
CD8 ↓ = CD45RO/CD3 = =
CD62L/CD3 ↓↓↓ = CCR5/CD3 = =
PD-1/CD4 = = CCR7/CD3 = =
PD-1/CD8 = = CD19 = =

PD-1, Programmed death 1; =, 0-10%; ↓, 10-30%; ↓↓, 30-50%; ↓↓↓,
.50%

TABLE 4. Tabular summary of the changes in expression levels
of myeloid markers

Marker CAEC Cktl #2

CD62L/CD15 ↓↓↓ =
CD62L/CD11b N/A =
HLA-DR/CD11b = =
CD11b = =
CD33 = =
CD14 = =
CD40/CD11b ↓↓ ↓
CXCR1/CD15 ↓↓↓ ↓↓
CXCR2/CD15 ↓↓ =

=, 0-10%; ↓, 10-30%; ↓↓, 30-50%; ↓↓↓, .50%
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Overall, our approach highlights the importance of careful
analysis of the method of disaggregation to generate biologically
valuable data. In this report, we present a rigorously tested
disaggregation method for human NSCLCs. With the use of fresh
human NSCLC samples, we showed that our optimal cocktail
produces high cell yields without significantly compromising cell
viability and maintains the expression of cell-surface markers and
immune cell effector functions in the disaggregation of human
lung tumor tissue. Unfortunately, no enzymatic cocktail is perfect
with regard to every parameter. Although Cocktail #2 balanced
cell yield and viability, its cell yield was not as high as CAEC,
Cocktail #1, or HC-Coll I. The mild nature of this cocktail was
also evident in the analysis of its effects on cell-surface markers, as
it had some of the most minimal effects on the expression of
common immune cell markers. Fortunately, this cocktail had no
detectable impact on the performance of PBMCs and PBNs in
multiple in vitro functional assays. We also processed 3 pleural
mesotheliomas and 5 ovarian tumors to determine if our
optimized cocktail for lung tumor could be used for other
malignancies. Although our enzymatic cocktail was able to digest
ovarian tumor tissue effectively (albeit with a longer incubation time),
it was not effective in digesting mesotheliomas, which tend to be more
fibrous. These findings indicate that different types of tumors will

require a specific, empirically determined battery of enzymes to result
in optimal tumor dissociation. Importantly, the analysis of the tumor
dissociates after different combinations of enzymes will be necessary
to ensure that this aspect of the experimental technique has been
optimized for the investigated type of tumor.
In conclusion, we described a disaggregation method for human

lung cancers that consists of a nontraumatic, gentle mechanical
step, followed by enzymatic digestion with an optimized enzymatic
cocktail composed of multiple low-concentration collagenases and
elastase. This approach appears to minimize cleavage of cell-surface
markers or changes in cell function, allowing more accurate
analysis. Our data also suggest that a similar approach should be
applied to any type of human tumors to be analyzed.
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Figure 5. The effect of enzymatic exposure on the
functional activity of HD peripheral blood leuko-
cytes. HD PBMCs and PBNs were incubated with
PBS (control) or Cocktail #2 (Coll I, II, IV) for
30 min and then added to multiple in vitro func-
tional assays. For bar graphs, statistical analysis was
performed by Student’s t-tests (*P , 0.05). Each
bar represents mean 6 SEM. (A) The effect of
enzymatic exposure on T cell proliferation. CFSE-
labeled control or Cocktail #2-treated PBMCs were
stimulated with plate-bound anti-CD3 antibodies
for 4 days. The proliferation of T cells was analyzed
by CFSE dilution in the gated CD3+ cells. The
histograms, representing 1 experiment of 5, show
the percentage of dividing cells. (B and C) The
effect of enzymatic exposure on myeloid cell
regulation of T cell proliferation. CFSE-labeled
T cells were stimulated with plate-bound anti-
CD3/CD28 antibodies for 4 days in the presence
of control or Cocktail #2-treated CD11b+ or CD15+

cells. The histograms, representing 1 experiment
of 5, show the percentage of dividing T cells in the
presence of CD11b+ cells or CD15+ cells. (D)
Phagocytosis assay. Neutrophils were cocultured
for 45 min with E. coli-pHrodo conjugates and then
analyzed by flow cytometry. Representative flow
cytometry dot plots from 1 of 5 experiments are
shown. Percentages of cells that phagocytosed
E. coli-pHrodo conjugates are displayed in gates. (E)
ROS production by PMA-stimulated neutrophils,
which were cultured in the presence or absence of
PMA for 1 h before ROS concentration was
measured in the supernatant by use of Amplex
Red reagent. Graphical summary of 5 experiments
is displayed. (F) Anti-tumor cytotoxicity of PMA-stimulated neutrophils. Neutrophils were cocultured in a 1:1 ratio with GFP-expressing A549
human NSCLC cells without PMA, in the presence of PMA, or the presence of PMA/apocynin (Apo) for 16 h. Graphical summary of 5
experiments is displayed.
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