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Abstract

Background

Understanding how leukocytes in the cervicovaginal and colorectal mucosae respond to

pathogens, and how medical interventions affect these responses, is important for develop-

ing better tools to prevent HIV and other sexually transmitted infections. An effective cryo-

preservation protocol for these cells following their isolation will make studying them more

feasible.

Methods and Findings

To find an optimal cryopreservation protocol for mucosal mononuclear leukocytes, we com-

pared cryopreservation media and procedures using human vaginal leukocytes and con-

firmed our results with endocervical and colorectal leukocytes. Specifically, we measured

the recovery of viable vaginal T cells and macrophages after cryopreservation with different

cryopreservation media and handling procedures. We found several cryopreservation
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media that led to recoveries above 75%. Limiting the number and volume of washes

increased the fraction of cells recovered by 10–15%, possibly due to the small cell numbers

in mucosal samples. We confirmed that our cryopreservation protocol also works well for

both endocervical and colorectal leukocytes. Cryopreserved leukocytes had slightly

increased cytokine responses to antigenic stimulation relative to the same cells tested

fresh. Additionally, we tested whether it is better to cryopreserve endocervical cells on the

cytobrush or in suspension.

Conclusions

Leukocytes from cervicovaginal and colorectal tissues can be cryopreserved with good

recovery of functional, viable cells using several different cryopreservation media. The num-

ber and volume of washes has an experimentally meaningful effect on the percentage of

cells recovered. We provide a detailed, step-by-step protocol with best practices for cryo-

preservation of mucosal leukocytes.

Introduction
To develop preventive interventions and therapies for sexually transmitted infections (STIs), it
is important to understand how they affect mucosal immunity. Clinical trials of vaccines
designed to prevent human immunodeficiency virus (HIV) or herpes simplex virus infection
are conducted at sites around the world. Ideally, these trials would include investigation of the
cellular immune responses elicited at the mucosal sites where these pathogens initially invade.
These analyses require mucosal cell and tissue samples to be stored and shipped to central labo-
ratories, but this is not currently done due to inconsistencies in cryopreservation. Similarly, the
effect of topical anti-HIV microbicides on mucosal immunophysiology could be more easily
studied if trial sites were able to cryopreserve viable mucosal cell and tissue samples. Thus, little
is learned about mucosal cellular immune responses from clinical trials.

While leukocytes isolated from the peripheral blood are routinely cryopreserved for storage
and transport, it is currently unclear whether mucosal leukocytes can be cryopreserved success-
fully [1,2]. Indeed, the fundamental physical characteristics of mucosal leukocytes may differ from
those in blood, and as the optimal cryopreservation protocol depends on the physical characteris-
tics of the cells, different protocols may be necessary [3]. In particular, the permeability of cell
membranes to water and cryoprotective agents (CPAs) at different temperatures influences the
choice of CPA to use in the cryopreservation medium and the rate at which to freeze the cells [3].

We set out to develop an optimal procedure for the cryopreservation of mucosal leukocytes,
including formulation of the cryopreservation medium. We isolated T cells and macrophages
from the human vagina and measured their physical properties relevant to cryopreservation, as
reported previously [4,5]. Based on these measurements, we conducted a series of cryopreser-
vation studies to determine the protocol that leads to maximal recovery of live, functional cells.
We subsequently showed that this protocol can be used on cells isolated from endocervical
cytobrushes as well as from colorectal biopsies with similar success. A detailed, step-by-step
protocol with best practices for cryopreservation of mucosal leukocytes is provided (S1 Text).

Methods

Sample collection
Vaginal tissues discarded as part of vaginal repair surgeries were collected under a waiver of con-
sent at the University of Washington Medical Center (IRB #1167). Endocervical cytobrushes were
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obtained from volunteers at the University of Washington Medical Center and the Seattle Vaccine
Trials Unit (IRB #1830). Rectal biopsies were obtained by flexible sigmoidoscopy from study par-
ticipants at San Francisco General Hospital (UCSF IRB #627–9 and #569–9). All participants pro-
vided written informed consent.

Cell isolation from vaginal tissue
Vaginal tissue was trimmed free of stroma to a final thickness of 2 mm. The tissue was then
minced to pieces smaller than 2x2x2 mm and digested as described previously [6]. Briefly, the
tissue pieces were incubated at 37°C for 30 minutes in digestion medium (700 collagen digest-
ing units per mL of collagenase type 2 [catalog number C6885, Sigma-Aldrich] with 500–1000
units per mL DNase I [catalog number DN25, Sigma-Aldrich] in a 1:1 mixture of phosphate
buffered saline and R15 [RPMI-1640 containing penicillin-streptomycin and L-glutamine and
15% heat inactivated fetal bovine serum (Gemini Bio-Products, West Sacramento, CA, USA)]).
Note that more DNase was used in this procedure than in the reference procedure due to the
larger amount of tissue used. After digestion, the tissue was disrupted by ten passages through
a 16 gauge needle and isolated cells were recovered through a 70 μm strainer. Digestion was
repeated up to three additional times and all cells were combined.

Cell isolation from endocervical cytobrushes
Cells were isolated from two cytobrushes per donor as described previously [6]. Briefly, the
cytobrushes were inserted into the tip of a 25 mL serological pipette filled with phosphate buff-
ered saline. Cells were washed through a 100 μm strainer and collected by gentle expulsion of
the saline and movement of the cytobrush in and out of the tip of the pipette. The transport
media was also collected and the tube washed out. Cells isolated from the two cytobrushes
from the same donor were combined, except where noted below.

Cell isolation from colorectal biopsies
Rectal biopsies were digested using a procedure similar to that for the vaginal tissue, with the
following modifications. Ten biopsies were incubated in digestion medium containing 50 μg/
mL Liberase DL (catalog number 05 466 202 001, Roche Diagnostics, Mannheim, Germany),
100U/mL penicillin, 100 μg/mL streptomycin (Gemini Bio-Products), 2 mM L-glutamine
(Gemini Bio-Products), 25 mMHEPES buffer (Life Technologies, Grand Island, NY, USA), in
RPMI-1640 (Corning/Mediatech, Manassas, VA, USA.)

Chemicals and cryoprotective agents
Dimethyl sulfoxide (DMSO), ethylene glycol (EG), propylene glycol (PG), glycerol, bovine
serum albumin (BSA), Staphylococcal enterotoxin B (SEB), phorbol 12-myristate 13-acetate
(PMA), ionomycin, and brefeldin A were all obtained from Sigma-Aldrich. Hydroxyethyl
starch 200/0.5 (catalog number V0118) was obtained from AK Scientific (Union City, CA,
USA). Trehalose dihydrate and benzonase were obtained from EMDMillipore (Billerica, MA,
USA). Cytomegalovirus, Epstein-Barr virus, and influenza peptides (CEF peptide pool) were
obtained from AnaSpec (Fremont, CA, USA).

Cryopreservation procedure
For vaginal cells, 2�105 cells in 200 μL were used per tube (approximately 10% of these were
leukocytes) and conditions were tested in duplicate. For cytobrushes, cell suspensions were
split among the conditions and tested in singlicate. For colorectal tissues, 1.75–2.5�106 cells in
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1 mL per tube were used. There were three procedures for cryopreservation: procedures A and
B, which differ in the temperature and volume of the media after thawing, and procedure C,
“HANC”, based on the HIV/AIDS Network Coordination blood processing protocol. The lat-
est HANC Cross-Network PBMC Processing SOP is available at https://www.hanc.info/labs/
labresources/procedures/Pages/pbmcSop.aspx. Table 1 summarizes the three cryopreservation
procedures.

Cells were suspended in 100 μL of the appropriate cryopreservation medium without any
CPAs and aliquoted to cryovials in an ice water bath. 100 μL of a 2X cryopreservation medium
(compositions described in Results) was added to each cryovial, dropwise over three minutes
for the first two procedures and all at once for the HANC procedure. Cryovials were then
transferred to a controlled rate cooling device (Mr. Frosty -1°C/min) and frozen in a -80°C
freezer. The cryovials were transferred to the vapor phase of a liquid nitrogen freezer within 3
days, where they were stored for at least one week.

Thawing
Cells were thawed by quick transfer of the cryovial directly from liquid nitrogen to a 37°C
water bath. Once less than a pea-sized amount of ice remained, cryovials were transferred to a
biosafety cabinet and opened. Three different procedures were used from this point on, as
described in Table 1. For procedure A, cryovials were placed in an ice water bath once the cell
suspension was completely thawed and 1.8 mL 4°C cell culture medium was added dropwise
over three minutes to dilute the cryoprotective agent(s). The cells were then transferred to a
12x75 mm polystyrene FACS tube containing three mL precooled cell culture media and
washed by centrifugation. For procedure B, no ice bath was used, the cell culture medium was
warmed to 37°C, the cell culture medium was added over 30s, and the cells were transferred to
a 15 mL polypropylene tube containing 10 mL warmed cell culture medium. The HANC pro-
cedure was the same as procedure B, except that 50U/mL benzonase was included in the cell
culture medium, the cells were transferred to 20 mL of warmed cell culture medium in a 50 mL
polypropylene tube, and the cells were washed twice by centrifugation instead of once. Viability
and recovery were measured immediately after thawing, while for intracellular cytokine stain-
ing assays, cells were rested overnight prior to stimulation (as described below).

Flow cytometry
For viability and recovery measurements, cells were stained with fixable live/dead aqua or yel-
low (Life Technologies, Grand Island, NY, USA) for exactly 20 min, washed, stained with phe-
notyping markers, washed again, transferred to Trucount absolute counting tubes (BD
Biosciences, San Jose, CA, USA), and fixed with 1% paraformaldehyde. Catalog numbers, anti-
body clones, fluorochromes, and companies are described for all antibodies in S1 Table. For

Table 1. Overview of the three different cryopreservation procedures used.

Procedure A B C: HANC

CPA addition before freezing 3 min, 4°C 3 min, 4°C All at once, 4°C

Thawing 37°C water bath 37°C water bath 37°C water bath

CPA removal after thawing 3 min, 4°C 30s, 37°C 30s, 37°C

Benzonase in dilution medium 0 0 50U/mL

Washing volume 5 mL 10 mL 20 mL

Washing tube size 5 mL 15 mL 50 mL

Washes 1 1 2

doi:10.1371/journal.pone.0156293.t001
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vaginal cells, phenotyping markers were CD45, CD3, and CD14. For cytobrushes, phenotyping
markers were CD45, CD3, CD8, CD14, HLA-DQ, CD19, CD4, and CD66b. All antibodies
were titrated before use and used at the minimum saturating dose. Samples were acquired on a
five laser BD LSRII (355, 405, 488, 535, and 633 nm) within 1 week.

Absolute counts of rectal cells were obtained using a BD Accuri C6. Cells were stained with
CD45, CD4 and CD3 (see S1 Table) using a no-wash protocol and run directly after staining.
Propidium iodide was added just before samples were run to assess viability. Additional pheno-
typing was performed on rectal cells as described above for genital tract cells, except that Tru-
count tubes were not used for cell counting. Cells were stained with CD45, CD3, CD4, CD8,
CD33, CD66b, CD13, and CD206 (see S1 Table).

For intracellular cytokine staining, cells were rested overnight in R15 containing 0.5 mg/mL
piperacillin/tazobactam (Zosyn, Wyeth-Ayerst, Princeton, NJ, USA). Cells were then stimu-
lated with either pooled peptides from cytomegalovirus, Epstein-Barr virus, and influenza
(CEF peptide pool, 3.5 μg/mL each peptide), SEB (5 μg/mL), or PMA (50 ng/mL) with ionomy-
cin (500 ng/mL), with DMSO (peptide vehicle) serving as a negative control. Cells were then
incubated for 5 hours at 37°C/5% CO2 in the presence of protein transport inhibitors brefeldin
A (5 μg/mL) and monensin (GolgiStop, 1 μM), as well as costimulatory antibodies CD28 and
CD49d, and degranulation marker CD107a (all from BD Biosciences.) Following incubation,
cells were stained with antibodies for surface markers CD4, CD8, and fixable live/dead aqua
viability dye (from Life Technologies). Cells were then fixed in 4% paraformaldehyde and per-
meabilized using FACS Perm 2 (BD Biosciences.) Intracellular staining was performed with
the following fluorochrome-conjugated antibodies: CD3, interferon-γ (IFN-γ), tumor necrosis
factor-α (TNF-α), interleukin 2 (IL-2), and macrophage inflammatory protein-1β (MIP-1β)
(see S1 Table for details about antibodies). Data were acquired within 24 hours on a BD LSRII
flow cytometer (405, 488, and 635 nm).

Data and statistical analysis
Vaginal cells were gated on CD45+ and divided into CD14+CD3- and CD14-CD3+. Cyto-
brushes were additionally gated for CD66b+ (neutrophilic granulocytes). Each population was
subsequently gated for viability. Flow cytometric analysis was done in FlowJo version 9
(FlowJo, LLC, Ashland, OR, USA). The number of cells per sample was determined using Tru-
count tubes which contain a known number of beads. The number of beads acquired was
divided by the number of beads known to be in the tube to yield the fraction of the sample
acquired. The number of cells of interest was divided by the fraction of sample acquired to
yield the number of cells per sample. Samples were acquired at flow rates such that less than
five percent of events were aborted.

For rectal cells, absolute counts of CD45 counts were obtained directly using the Accuri. The
CD3, CD13, CD33, CD206, and CD66b cells were measured as a percentage of CD45+ cells and
the absolute counts of these cells determined relative to the absolute counts of the CD45+ cells.

Viability is expressed as “absolute viability” or in some cases as “relative viability”, where
the viability was normalized to a fresh control sample from the same donor. Recovery reflects
the number of live cells of interest recovered as a percentage of the number of live cells of inter-
est in the fresh control sample from the same donor.

To analyze cytokine response data, we employed a previously described statistical test to
determine whether antigen-specific or polyclonal responses differed significantly from back-
ground responses [7]. This formula assumes a Poisson distribution and takes into account the
actual number of gated events as opposed to percentages. Net responses were calculated by sub-
tracting negative control values from stimulated values.

Cryopreservation of Human Mucosal Leukocytes
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All statistical tests used are indicated in the supplementary tables (S1 File). Single compari-
sons were generally done with paired t-tests and multiple comparisons with repeated measures
ANOVA and Tukey post-tests. Data analysis was done using R version 3.2.3 [8] and the pack-
ages dplyr [9], magrittr [10], reshape2 [11], tidyr [12], readr [13], RColorBrewer [14,15], nlme
[16], multcomp [17], and Hmisc [18]. Plots were created using ggplot2 [19] and tables were
rendered with pander [20] and knitr [21,22]. All code and source data are included (S2 File).

Results

Development of novel cryopreservation medium
We set out to develop an optimal cryopreservation medium for mucosal mononuclear leuko-
cytes. First, we did a series of exploratory experiments, comparing different cryoprotective
chemicals and concentrations, with the goal of finding one or two cryopreservation media for
more rigorous testing. Because of the exploratory nature of these experiments and the limited
amount of replication, no statistical tests were performed in this section. For all of these experi-
ments, cells were cryopreserved using procedure A (Table 1).

Based on measurements of the cryobiological properties of vaginal T cells and macrophages
[4,5], we hypothesized that dimethyl sulfoxide (DMSO), ethylene glycol (EG), and propylene
glycol (PG) would be effective cryoprotective agents (CPA) for these cells, whereas glycerol
would not be due to very limited cell membrane permeability to glycerol. Indeed, cryopreserva-
tion with 1.5M glycerol in FBS leads to considerably worse viability than either 10% DMSO or
1.5M PG for both T cells and macrophages (Fig 1A).

We had previously determined CPA toxicity on mucosal cells without freezing and thawing,
by adding DMSO, EG, or PG at various concentrations dropwise to cell suspensions, incubat-
ing for ten minutes on ice, and then dropwise diluting them out. At concentrations below 10%
v/v, all three chemicals had a minor negative impact on cell viability, of less than 10% at the
highest concentrations [4]. We then tested their cryoprotective effectiveness by measuring the
viability of cells after cryopreservation (Fig 1B). T cells were preserved similarly with all three
CPAs, whereas macrophages appeared to be preserved better with DMSO.

DMSO, PG, and EG are permeating CPAs, meaning that they displace water from the cell
and prevent cell lysis. Combining permeating CPAs with non-permeating CPAs (commonly
sugars and polymers), which have a different mechanism of cryoprotection, can improve
recovery [23–25]. We therefore cryopreserved cells in the presence of permeating CPAs and a
range of concentrations of the non-permeating CPA trehalose, a non-cell permeant disaccha-
ride, and found moderately better viability than without trehalose (Fig 1C). We then re-titrated
the intracellular CPAs in the presence of trehalose. These experiments suggested that 10–12%
(v/v) was optimal for all intracellular CPAs in the presence of 4.8% (w/v) trehalose (Fig 1D).
Finally, we tested trehalose again in the presence of DMSO, this time measuring recovery of
live cells after cryopreservation rather than just viability, and found that 1.2% trehalose
appeared equivalent to 4.8% (Fig 1E).

We hypothesized that a combination of EG and DMSO in the presence of 1.2% trehalose
might be better than either alone. We tested several combinations, and found that 5% EG with
6% DMSO seemed superior for absolute recovery (Fig 1F) than either EG or DMSO alone.

Validation of novel cryopreservation medium
Based on these exploratory experiments, we selected three cryopreservation media to formally
compare: 10% DMSO, 8% DMSO with 1.2% trehalose, and 6% DMSO + 5% EG with 1.2% tre-
halose (all v/v, except trehalose w/v, all diluted in FBS). Samples from ten donors were
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cryopreserved with procedure A (Table 1) in duplicate for each condition and both viability
and recovery were measured.

The results of this experiment are summarized in Fig 2A and 2B; all comparisons and effect
sizes are detailed in Tables A-H in S1 File. Overall, the three-CPA cocktail was best for T cells
and no different from 10% DMSO for macrophages. The DMSO and trehalose mixture was
better than 10% DMSO for both cell types, but not as good as the three-CPA cocktail for T
cells. The highest recovery for T cells was with the three-CPA cocktail (68.0%, [95% CI: 56.4,
79.6]). The highest recovery for macrophages was with the DMSO and trehalose mixture
(72.9% [63.0, 82.8]). Recovery with the three-CPA cocktail was fifteen percentage points
greater than with 10% DMSO (p< 0.0001) for T cells. Recovery with the DMSO and trehalose
mixture was about five percentage points greater than with 10% DMSO (p = 0.06) for

Fig 1. Development of novel cryopreservation medium. A, Viability of vaginal T cells (indicated “CD3”) and macrophages (indicated “CD14”) following
cryopreservation with 1.5M glycerol, 1.5M propylene glycol (PG) or 10% dimethyl sulfoxide (DMSO).B, Effect of CPA concentration on cell viability after
cryopreservation. C, Effect of trehalose concentration on cell viability after cryopreservation in the presence 0.84M DMSO, 1.5M PG, or 1.75M EG.D,
Effect of CPA concentration on cell viability after cryopreservation in the presence of 4.8% trehalose. E, Effect of trehalose concentration on recovery after
cryopreservation in the presence of 1.4M DMSO. F, Effect of mixtures of DMSO and EG on cell recovery after cryopreservation in the presence of 1.2%
trehalose. Each line for a given color indicates a different tissue sample. The line with the circles indicates the mean across the different tissue samples.
Measurements were made in duplicate for each tissue sample. For relative viability, 100% indicates the same viability as the fresh cells.

doi:10.1371/journal.pone.0156293.g001
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macrophages. Of note, for T cells but not for macrophages, recovery was predicted by cell via-
bility (Fig 2C, Table I in S1 File).

Comparison with published cryopreservation methods
Having found that 6% DMSO and 5% EG with 1.2% trehalose was superior to 10% DMSO for
T cells, we compared it to other cryopreservation media reported in the literature. For these
experiments, we switched from using cryopreservation procedure A to procedure B (Table 1)
for consistency with published methods. As shown in S1 Fig and Table J in S1 File, there was
no difference in cell recovery between procedures A and B. Additionally, we replaced trehalose
with 6% hydroxyethyl starch (HES), given a recent report of its benefits for human pluripotent
stem cells [26]. Tested with vaginal cells from four donors, we found HES to be superior to tre-
halose (S1 Fig, Table K in S1 File), with an 8.66% [95% CI: 3.24, 14.07] increase in recovery
for T cells (p = 0.009) and a 7.76% [3.61, 11.91] increase for macrophages (p = 0.01). Conse-
quently, we replaced trehalose with 6% HES for the rest of our experiments.

At this point, we compared our medium to several other published cryopreservation media.
We compared it to two serum-free cryomedia developed for PBMC cryopreservation: 10%
DMSO alone (GHRC I [Global HIV Vaccine Research Cryorepository]) or 5% DMSO with 6%
HES (GHRC II), both in RPMI with 12.5% BSA [27]. We also compared it to the standard

Fig 2. Validation of novel cryopreservation medium. A-B, Comparison of three cryopreservation media by relative viability (A) and
recovery (B) for vaginal T cells (indicated “CD3”) and macrophages (indicated “CD14”). All samples were processed with procedure A (see
Table 1). C, Correlation of relative viability and recovery for vaginal T cells and macrophages with different cryomedia. For relative viability,
100% indicates the same viability as the fresh cells. Gray symbols indicate the average of duplicates from the same sample, with gray lines
indicating pairing. Black symbols show the mean across all samples and black vertical lines show the 95% confidence interval of the mean.
In C, black line indicates the slope of the linear model and the grey shaded area indicates the 95% confidence interval. Adjusted p-values
and r2 values are shown from linear regression.

doi:10.1371/journal.pone.0156293.g002
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cryopreservation media of 10% DMSO in FBS, frozen according to procedure C published by
the HIV/AIDS Network Coordination (HANC) (Table 1). All conditions were measured in
duplicate with 200,000 cells per cryovial from six tissue donors, as described above. Our cryo-
preservation medium and the two serum-free media were processed with procedure B.

As shown in Fig 3A and Tables L-Q in S1 File, our medium and both GHRC media were
better than 10% DMSO processed according to the HANC procedure (difference in mean per-
cent recovered cells: 10.06% to 12.98% for T cells; 13.57% to 17.47% for macrophages; p-
values< 0.0001 for all three media for both cell types). However, there was no difference
between the GHRC media and our medium (difference in mean percentage of recovered cells:
-0.09% to 2.83% for T cells, p-values> 0.64; -1.22% to 2.67% for macrophages, p-
values> 0.70). Thus, our cryopreservation medium resulted in similar levels of cell recovery to
two serum-free cryopreservatives, and all three were superior to 10% DMSO when the latter
was processed according to the procedure C (HANC).

Given the success of the GHRC serum-free media, we tested our cryopreservation medium
suspended in FBS as usual or in RPMI containing 12.5% bovine serum albumin as in the
GHRC media. In nine samples, the choice of diluent did not affect T cell recovery (S1 Fig and
Table R in S1 File, 2.04% [95% CI: -7.21, 3.13] percent difference in recovery, p = 0.39), but
FBS was better for macrophages (5.93% [0.98, 10.89], p = 0.02).

Fig 3. Comparison of novel cryopreservation mediumwith publishedmethods. A, Recovery of vaginal T cells (indicated “CD3”) and
macrophages (indicated “CD14”) with several cryopreservation media. GHRC I [Global HIV Vaccine Research Cryorepository] is 10% DMSO
alone and GHRC II is 5% DMSOwith 6% hydroxyethyl starch, both in RPMI with 12.5% bovine serum albumin. HANC is 10% DMSO in FBS.
HANC was processed according to procedure C and the others were processed with procedure B (see Table 1). B, Evaluation of which
processing steps improve the recovery obtained relative to the standard HANC procedure, where positive values indicate improvements over
HANC.C, Rescue of HANC procedure (“optimal HANC”) by use of optimal processing procedures for small sample sizes. D, Percentage of all
vaginal cells that are CD45+ before and after freezing. Gray symbols indicate the average of duplicates, with gray lines indicating pairing. Black
symbols show the mean across all samples and black vertical lines show the 95% confidence interval of the mean.

doi:10.1371/journal.pone.0156293.g003
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Optimal processing
It was unclear from the experiment described in Fig 3A whether the difference in recovery was
due to differences in processing or differences in the cryopreservation media. Indeed, it seemed
somewhat improbable that such a large difference would exist between the 10% DMSO in FBS
condition (HANC) and the 10% DMSO in RPMI with 12.5% BSA condition (GHRC I). To
determine whether differences in cryopreservation processing or media composition underlie
the differences in cell recovery, we systematically tested the variables.

We cryopreserved cells from five donors using the standard HANC protocol, as well as with
each of the following modifications: dropwise CPA addition over three minutes, no benzonase,
thawing into a 15 mL tube with 10 mL media instead of a 50 mL tube with 20 mL media, or
one wash instead of two. Fig 3B summarizes the results of that experiment and Tables S-Z in
S1 File detail all findings. We found that doing only one wash caused an 8% increase in recov-
ery for both cell types (p = 0.002 and p = 0.05), while using a 15 mL tube increased the recovery
by 2.30% for T cells and 6.76% for macrophages (p = 0.82 and p = 0.16). Slow addition of CPA
and omitting benzonase did not affect the recovery.

Building on this result, we repeated the experiment in Fig 3A with six more donors, this
time including an additional condition of HANC processed optimally (with all four modifica-
tions described above; i.e. the same procedure as used for the other cryopreservation media).
The results of this experiment show that optimal processing rescues the 10% DMSO in FBS
cryopreservation medium (Fig 3C and Tables AA-AH in S1 File). As before, the HANC con-
dition led to notably lower viability and recovery of both cell types. However, when processed
optimally, the recovery was not different than that of the other CPAs.

Additionally, we utilized the large number of samples (n = 24) from these experiments to
compare the percentages of scatter-gated events that were live CD45+ leukocytes before and
after freezing (Fig 3D, Tables AI-AJ in S1 File). On average, 10.32% [95% CI: 8.61, 12.03]
were CD45+ before freezing, while 15.59% [12.75, 18.42] were CD45+ after freezing
(p< 0.0001), indicating a preferential reduction of non-leukocytes during cryopreservation

Taken together, these results suggest that for small numbers of mucosal cells (200,000 cells
per cryovial), experimentally significant numbers of cells can be saved by limiting washes and
using smaller tubes. Additionally, they suggest that any one of several cryopreservation media
can be used to obtain recoveries of about 75% for both T cells and macrophages.

Cryopreservation of endocervical cytobrushes
The previous studies were done with vaginal cells with duplicate cryovials of 200,000 cells each
per condition. To determine whether our cryopreservation medium worked well with other
mucosal samples and cell types, we obtained two sequential endocervical cytobrushes from
thirteen volunteers. Cells from each pair of cytobrushes were isolated and combined. They
were then divided evenly by volume and stained fresh or cryopreserved with 6% DMSO, 5%
EG and 1.2% trehalose, or with 10% DMSO, both in FBS, using procedure A (Table 1). Due to
the limited and variable cell yield inherent to this type of sample, each condition was done in
singlicate and the total number of cells per condition varied from donor to donor.

There were no major differences between the two cryopreservation media for the cryopres-
ervation of endocervical cells (Fig 4A and Tables AK-AL in S1 File). We recovered a mean of
60.87% T cells [95% CI: 37.81, 83.94] with our cryopreservation medium and 53.31% [37.65,
68.96] with 10% DMSO (p = 0.25). For macrophages, we recovered 66.22% [41.65, 90.80] with
our cryopreservation medium and 67.74% [39.20, 96.28] with 10% DMSO (p = 0.73). Because
cytobrushes also contain large numbers of neutrophils, we measured the recovery of CD66b+

neutrophils. Only 31.20% of live neutrophils [19.70, 42.70] were recovered with our medium
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and 36.15% [11.48, 60.81] with 10% DMSO (p = 0.67). To determine the average yield of a pair
of cytobrushes after cryopreservation, we multiplied the number of cells we recovered after
cryopreservation by the number of ways the sample had been divided (i.e. by three if the sam-
ple had been stained fresh and cryopreserved with both cryopreservation media). The geomet-
ric mean numbers of cells yielded from a pair of cytobrushes after cryopreservation was almost
identical across the two conditions, with 8,000 macrophages, 4,000 T cells, and 181,000 neutro-
phils (Table AM in S1 File).

Because isolating the cells from cytobrushes can be inconvenient at clinical trial sites, it
would be ideal if cytobrushes could be frozen intact, without removing the cells. To test this
possibility, we obtained pairs of cytobrushes from six female volunteers and cryopreserved
with 6% DMSO, 5% EG, and 6% HES. We isolated the cells from one cytobrush and cryopre-
served the cell suspension. We put the other cytobrush directly into a 4 mL cryovial containing
0.75 mL RPMI with 12.5% BSA. We then added 0.75 mL of 2X cryopreservation medium (i.e.
10% EG, 12% DMSO, and 12% HES), mixed, and cryopreserved the cytobrush. After thawing
with procedure B (see Table 1), we isolated the cells from the cytobrush and compared the

Fig 4. Cryopreservation of cells derived from endocervical cytobrushes. A, Recovery of endocervical T
cells (indicated “CD3”), macrophages (indicated “CD14”), and neutrophils (indicated “CD66b”), when
cryopreserved after isolation from cytobrushes. B, Absolute number of live (top) and viability of total
endocervical cells (bottom) after cryopreservation either as a cell suspension or still on the cytobrush. Gray
symbols indicate the individual samples, with gray lines indicating pairing. Black symbols show the mean
across all samples and black vertical lines show the 95% confidence interval of the mean.

doi:10.1371/journal.pone.0156293.g004
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viability and total live cell numbers. In half of the cases, the first cytobrush taken was cryopre-
served intact and in the other half the second was cryopreserved intact.

Similar numbers of live cells of all three cell types were recovered whether frozen in suspen-
sion or on the brush (Fig 4B, top; Tables AN-AO in S1 File), with small effect sizes and all p-
values> 0.35. In contrast, there was a difference in viability depending on whether cells were
isolated before or after freezing: T cells retained the same viability whether frozen in suspension
or on the brush, but macrophages and neutrophils did not (Fig 4B, bottom; Tables AP-AQ in
S1 File). The average difference in viability for T cells was less than 1% (p = 0.93). Freezing on
the brush rather than in suspension decreased the viability of both CD14 macrophages (by
15.22 percentage points [-2.53, 32.97], p = 0.08) and CD66b neutrophils (by 20.59 percentage
points [-6.40, 47.58], p = 0.11).

Colorectal cells
We also wanted to explore whether cells isolated from other mucosal surfaces can be cryopre-
served. To address this question, we isolated cells from the colorectal mucosa from four donors
and repeated the experiment described in Fig 3C, freezing 1.75 to 2.5�106 viable leukocytes per
cryovial. As shown in Fig 5A and Tables AR-AS in S1 File, similar numbers of CD3 T cells
were recovered from all conditions except for the 6% DMSO, 5% EG, and 6% HES condition,
where the recovery was about 10% less (all p< 0.0001). The same was true of CD13 macro-
phages (Tables AR and AT in S1 File, with three p-values< 0.05 and one p = 0.14). Recovery
of CD66b neutrophils was, as expected, poor with all methods (Fig 5A). CD33 and CD206
myeloid cells showed similar patterns, though these cells were relatively infrequent (Table AR
in S1 File).

Additionally, we tested the functional capacity of rectal cells from 6 donors cryopreserved
with 10% DMSO in FBS. After thawing, the cells were rested overnight in media in a 37°C incu-
bator and then we measured cytokine production in response to Staphylococcal enterotoxin B
(SEB), phorbol myristate acetate (PMA) with ionomycin, or a pool of peptides from cytomega-
lovirus, Epstein-Barr virus, and influenza. Percent cytokine-producing CD8+ T cells were gen-
erally higher in the cryopreserved conditions than in the fresh conditions, though the
confidence intervals often overlapped with zero (Fig 5B, Table AU in S1 File). This indicates
that cryopreserved rectal immune cells respond as or more robustly to both antigen-specific
and superantigen and phorbol ester stimulation as do their fresh counterparts.

We furthermore assessed the polyfunctionality of the responses, comparing fresh to frozen
(Fig 5C). There was generally little difference between the quality of the responses. In fresh
samples, cytokine-producing cells tended to have less polyfunctional responses, while in frozen
samples, cytokine-producing cells tended to be slightly more polyfunctional, consistent with
slightly increased cytokine responses in cryopreserved samples.

Discussion
To develop preventive interventions for HIV and other STIs, we need to understand how leu-
kocytes in the cervicovaginal and colorectal mucosae respond to pathogens and the interven-
tions themselves. Gaining this knowledge is complicated by the lack of an effective
cryopreservation protocol for mucosal cells. This is especially the case with regard to HIV,
because of the need to ship samples to central laboratories from trial sites in sub-Saharan Africa
where HIV is highly prevalent and levels of mucosal immune activation tend to be elevated
while vaccine responses tend to be muted [28,29].

In this paper, we show that it is possible to cryopreserve small numbers of isolated cervi-
covaginal and colorectal immune cells and achieve viable cell recoveries of greater than 75%.
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Fig 5. Recovery and functionality of colorectal cells after cryopreservation. A, Recovery of colorectal T cells (indicated “CD3”),
macrophages (indicated “CD13”), and neutrophils (indicated “CD66b”), after cryopreservation with several cryopreservation media.
GHRC I [Global HIV Vaccine Research Cryorepository] is 10%DMSO alone and GHRC II is 5% DMSO with 6% hydroxyethyl starch, both
in RPMI with 12.5% bovine serum albumin. HANC is 10% DMSO in FBS. HANC was processed according to procedure C and the others
were processed with procedure B (see Table 1). B, Background-subtracted cytokine production from colorectal CD8 T cells fresh or after
cryopreservation after stimulation with phorbol 12-myristate 13-acetate (PMA); staphylococcal enterotoxin B (SEB); or human
cytomegalovirus, Epstein-Barr virus and influenza virus peptides (CEF). Gray symbols indicate the individual samples, with gray lines
indicating pairing. Black symbols show the mean across all samples and black vertical lines show the 95% confidence interval of the
mean.C, Polyfunctionality of colorectal CD8 cytokine responses to stimulation. Red bars indicate fresh samples and blue bars indicate
samples tested after cryopreservation. Each bar corresponds to the percent of CD8 cells that expressed the indicated cytokines,
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With colorectal cells we also demonstrate good retention of cellular functionality, measured by
stimulated cytokine secretion, after cryopreservation. Due to limited cell numbers, vaginal and
endocervical cells were not tested for functionality. We further show that the procedure used to
cryopreserve and thaw the cells meaningfully influences recovery, with the number and volume
of washes playing the biggest role. Based on our findings, we provide a detailed procedure for
cryopreserving isolated mucosal cells (S1 Text). In a separate, forthcoming manuscript, we will
report on cryopreserving whole mucosal tissue specimens. Together, these works will provide
guidance on optimal procedures and expected yields.

Our data indicate that several cryopreservation media are largely equivalent: 10% DMSO in
FBS or in RPMI with 12.5% BSA, 5% DMSO with 6% HES in RPMI with 12.5% BSA, or 6%
DMSO with 5% EG and 6% HES in FBS. It is worth noting that the recovery of colorectal T
cells and macrophages was about ten percent lower with the last of these cryomedia than with
the others, suggesting that it is suboptimal for immune cells isolated from that tissue. Overall,
the equivalence of these media affords investigators flexibility in choosing the medium that has
the chemical characteristics most suited to their needs. For example, for some applications
serum-free cryopreservation media or a lower than 10% DMSO concentration may be
desirable.

The serum-free cryopreservation media used here have been used with PBMC in several
publications. One group reported lower recovery and higher background in ELISPOT assays
using these media than with serum-containing or other serum-free media [30]. However, two
other publications report similar or superior recovery and background with these media in
comparison to cryopreservation media containing FBS [27,31]. Investigators should therefore
test their specific application.

We found that an additional wash in a larger volume caused a substantial decrease in recov-
ery of vaginal immune cells. However, this was not the case with colorectal cells, where the
recoveries were equivalent. The discrepancy between the vaginal and colorectal recoveries may
be a result of differences in cell numbers. For the vaginal samples, 200,000 total cells, including
about 20,000 leukocytes, were used in each cryovial as this is the expected yield of endocervical
cytobrushes. Ten times as many leukocytes were frozen per cryovial in the colorectal cases.
Loss during washing may be less noticeable with larger cell numbers, as indeed is suggested by
the regular use of the two-wash procedure by member groups of the Office of HIV-AIDS Net-
work Coordination (HANC) for PBMCs frozen at 10–20�106 per vial with excellent recovery
[32].

Somewhat surprisingly, a greater fraction of cryopreserved colorectal cells produced cyto-
kines in response to antigen or superantigen than did their fresh counterparts (Fig 5B). In addi-
tion, we saw a consistent enrichment of CD45-expressing cells after freezing (Fig 3D). This
may indicate that cryopreservation with the media used here preferentially preserves mucosal
leukocytes over other cell types. The increase in leukocytes as a fraction of all cells could cause
increased cytokine production by improving the ability of antigen-presenting cells to find T
cells or decreasing the potential inhibitory activity of other contaminating cell types. Alterna-
tively, the process of cryopreservation itself or a higher presence of dead cells in thawed com-
pared to fresh samples could also cause non-specific immune activation.

Additionally, our data suggest that it may be possible to cryopreserve endocervical cells
without removing them from the cytobrush first. Similar numbers of live T cells, macrophages,

averaged across the donors. Percentages are indicated explicitly for bars that exceed the axis limits of the graphs. In the legend, a dark
square indicates presence of that cytokine and a light square its absence. White gaps divide the graphs and legends into groups
expressing 0, 1, 2, 3, 4, or 5 cytokines.

doi:10.1371/journal.pone.0156293.g005
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and neutrophils were recovered whether the cells were isolated from the brush before or after
cryopreservation. However, the viability of macrophages and neutrophils, but not T cells, was
reduced when cryopreserved on the brush, so more testing is needed.

All samples used in this study were stored in liquid nitrogen vapor for short periods of time,
between one week and one month, but in practice samples may be stored for years to decades.
While we did not formally demonstrate that equivalent cell recovery would result regardless of
the length of storage, several other groups have. In the context of blood donation, equal recov-
ery of white blood cells was shown for samples stored from as briefly as one day to longer than
six years [33]. Microarray analysis of these samples did not indicate an effect of storage length.
Similarly, hematopoietic progenitor cells showed equivalent viability, time to platelet engraft-
ment, and time to white blood cell engraftment whether stored for less than one year, one to
nine years, or more than nine years [34]. Given these findings, we expect that the recoveries
attained in our study will generalize to samples stored for longer duration.

In conclusion, we have shown several cryopreservation media that can be used to obtain
good recoveries of genital and colorectal leukocytes. Additionally, we have shown that these
cells have similar or greater functionality than similar cells processed fresh. Based on our
results, we provide a detailed protocol for optimal cryopreservation of mucosal leukocytes (S1
Text).

Supporting Information
S1 Fig. Improvements to cryomedia and processing procedures. A, Comparison of different
procedures (see Table 1) for cryopreserving vaginal T cells (indicated “CD3”) and macrophages
(indicated “CD14”). B, Comparison of supplementing 5% EG and 6% DMSO in FBS with 6%
HES or 1.2% trehalose. C, Comparison of cryopreservation with 5% EG, 6% DMSO, and 6%
HES in FBS or in 12.5% BSA in RPMI. Gray symbols indicate the average of duplicates, with
gray lines indicating pairing. Black symbols show the mean across all samples and black vertical
lines show the 95% confidence interval of the mean.
(TIFF)

S1 File. Complete statistical tables.
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S2 File. Analysis code and raw data files. Contains the complete R code and raw data needed
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(ZIP)
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S1 Text. Detailed, step-by-step protocol for cryopreservation of mucosal leukocytes.
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