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A B S T R A C T

New procedures are required to optimize the use of blood samples to study different cell types. The purification
of neutrophils and T cells from the same blood sample is not commonly described. We have previously used
PolymorphPrep™ (P) or LymphoPrep™ (L) for purifying neutrophils or T cells, respectively. In this study, we
describe a new method for purifying both of these cells using P and L from the same sample, and methodological
considerations required to obtain consistent Th17 differentiation results. For T cell studies, we first isolated
mononuclear cells from peripheral blood of healthy humans using either P alone, L alone or sequential isolation
with P and then L (P+ L). CD3+ lymphocytes comprise up to 73% of peripheral blood mononuclear cells
(PBMCs) obtained by sequential isolation, with 29% and 36% for P and L, respectively. T lymphocyte subsets,
Th1, Th17 or double-positive (Th17/1), were then amplified. Four days of amplification culture after isolation by
P alone led to over-expression of Th17/1 cells and of Th17 cells in comparison to cells isolated by L or by
sequential P+ L. Th17/1 cells comprised 11.0 ± 6.8% (P alone) vs 1.2 ± 0.28% (L alone) vs 0.45 ± 0.11%
(P+ L) and Th17 cells comprised 2.8 ± 0.4% (P alone) 0.88 ± 0.15% (L alone) vs 0.86 ± 0.14% (P+ L). As
the second step, we examined T cell purification and differentiation. A higher purity of 97.1 ± 0.44% naïve
CD4+ T cell was reached after P+ L followed by immunomagnetic bead sorting in comparison to 70 ± 9.3%
(L) vs 21.0 ± 8.5% (P). These cells grew well in the density range of 25, 000 to 100, 000 cells per well in 96-well
plates during Th17 cell differentiation; higher or lower cell density did not support Th17 cell differentiation.
Lastly, to investigate the effect of estrogen on Th17 cell differentiation, serum-free AIM V medium without
phenol red was chosen to minimize the hormonal effects of the medium. We found that exogenous estrogen
(1 nM) inhibited Th17 cell differentiation in this medium. Taken together, we devised a method to isolate both
neutrophils and T cells from the same blood sample and show that high PBMC purity, selected culture medium
and an optimal cell density of the initial cell culture produced the most robust and consistent results for Th17
differentiation.

1. Introduction

The T helper 17 (Th17) cells are a subset of CD4+ T cells with
unique functions. These cells have been extensively investigated since
their discovery in 2005 (Langrish et al., 2005; Harrington et al., 2005).
Early studies demonstrated an important role of Th17 cells in the pro-
tective inflammatory immune response to foreign pathogens such as
extracellular bacteria and fungi (Guglani and Khader, 2010). More

recent studies have demonstrated that Th17 cells are involved in in-
fection, autoimmunity and immunodeficiency. Although activated
Th17 cells provide a protective immune response, uncontrolled acti-
vation of Th17 cells is associated with inflammatory and autoimmune
disorders through secretion of the cytokines interleukin (IL)-17A, IL-
17F, tumor necrosis factor (TNF)-α and granulocyte macrophage-
colony stimulating factor (GM-CSF; Marwaha et al., 2012; Noack and
Miossec, 2014; Burkett et al., 2015; McGeachy, 2011). Th17 cell linage
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has become the third major subset of effector Th cells, following the
paradigmatic Th1 and Th2 cells.

Understanding the molecular mechanisms of Th17 cells' differ-
entiation and the functional analysis of Th17 cells is very important for
elucidating the nature of immune response in health and disease. Naïve
T cells differentiate into Th17 cells when exposed to specific cytokine
milieux that are created by activated antigen presenting cells upon
recognizing pathogens. While the majority of effector Th17 cells die
after antigen clearance, some of the remaining T cells differentiate into
memory Th17 cells (Revu et al., 2018). Compared to naïve T cells, the
long-lived and robust Th17 memory cells are more rapidly activated
when exposed to certain pathogens (McGeachy, 2013). Therefore, there
are two forms of functional analysis of human Th17 cells ex vivo in
health and disease. One way is to expand memory Th17 cells in blood
(McGeachy, 2013); the other way is to evaluate the intrinsic capacity of
naïve CD4+ T cells to proliferate and differentiate into effector Th17
cells ex vivo. The process of obtaining peripheral memory Th17 cells
and differentiated Th17 cells typically includes multiple steps. Human
peripheral blood mononuclear cells (PBMCs) are isolated simply by
gradient separation. Those PBMCs can be directly cultured with the
stimulation of anti-CD3 and CD28 antibodies for 4–5 days in order to
expand the peripheral memory Th17 cells. For Th17 cell polarization,
naïve CD4+ T cells are purified further from PBMCs by an im-
munomagnetic beads-based cell sorting. Those cells are then expanded
and/or differentiated into Th17 cells with a cocktail of specific anti-
bodies and cytokines (Burgler et al., 2009; Revu et al., 2018; Kushwah
et al., 2013; Kushwah et al., 2014; Djiadeu et al., 2017a).

Highly pure PBMCs and naïve T cells are essential for those Th17
studies. Standard protocols for isolating PBMCs and naïve CD4+ T cells
from peripheral blood yield a substantial proportion of undesired cells.
One-step isolation using Ficoll-Paque or LymphoPrep is not sufficient to
enrich PBMCs with lymphocytes free of other contaminating cells (e.g.,
platelets, red blood cells, and polymorphonuclear granulocytes). Most
of the time, CD45RA− CD4+ lymphocytes (memory CD4+ T cells) are
the main contaminating cells in preparations of purified naïve CD4+ T
cells. To improve the purity, one approach is to purify naïve CD4+ T
cells with a flow sorter and the other is to use a more complicated
purification process involving extra rounds of negative and positive
selections (Blom and Poulsen, 2013). However, those strategies lead to
substantial loss of cells, and make the isolation and purification costly
and time consuming, and require access to a cell sorter.

PolymorphPrep™ (P) is a common one-step purification procedure
used for isolating polymorphonuclear neutrophils and PBMCs.
Neutrophils isolated using the P procedure have been used routinely for
functional and cell death studies such as neutrophil extracellular trap
(NET) formation (NETosis), apoptosis and ApoNETosis (Azzouz et al.,
2018; Khan et al., 2018; Naffah de Souza et al., 2018; Khan et al., 2017;
Djiadeu et al., 2017b). Removing neutrophils from the blood is ex-
pected to increases the purity of PBMCs; however, the PBMC layer is too
close to the platelet cell layer in the gradient, requiring additional

isolation steps before using the PBMCs isolated by P for T cell studies.
Here, we describe a simple combined (P+ L) protocol for isolation of
PBMCs and purification of naïve CD4+ T cells, and identify several
factors that modulate Th17 cell differentiation. The P+L procedure is
also useful for isolating both neutrophils and T cells from the same
blood sample.

2. Materials, reagents and methods

2.1. Healthy blood donors

Venous blood (~40mL) was obtained from 35 healthy adult donors
(aged 20–48 years) of whom 10 (29%) were female. The demographics
of the healthy subjects are shown in Table 1. All participants provided
written informed consent. Ethical approval was obtained from the
Hospital for Sick Children Research Ethics Board.

2.2. Antibodies, cytokines, reagents and culture media

Anti-human CD3-unconjugated (Clone: HIT3a; Cat: 16-0039-85),
Anti human CD28-unconjugated (Clone: CD28.2; Cat: 16-0289-85),
anti-human IL-4 (Clone: MP4-25D2; Cat: 16-7048-85), anti-human IFN-
γ neutralizing antibodies (Clone: NIB42; Cat: 16-7318-85), anti-human
CD3-APC (Clone: OKT3; 17-0037-41), anti-human CD4-PE (Clone:
OKT4; 12-0048-41), anti-human IFN-γ-FITC (Cat: BMS107FI), anti-
human CD45RA-FITC (Clone: JS-83; Cat: 11-9979-41), anti-human IL-
17-APC (Clone: eBio64DEC17; Cat: 17-7179-42) and anti-human
Foxp3- FITC (Clone: 236A/E7; Cat: 11-4777-41) are all from eBIOSCI-
ENCE at ThermoFisher Scientific (USA). Human IL-6, Human IL-23,
Human IL-1β, Human IL-2 and Human TGF-β1 are all from Peprotech
(NJ, USA). LymphoPrep (L) and PolymorphPrep (P) are from Axis-
Shield Diagnostics (Dundee, UK). Phorbol myristate acetate (PMA),
ionomycin and Cytofix/Cytoperm with Golgistop are from BD
Biosciences, USA. Dead/Live Fixable Violet was obtained from
ThermoFisher Scientific (USA). Human Naïve CD4+ T Cell Isolation Kit
was from STEMCELL Technologies Inc. (Cat: 19555). Estrogen was
bought from Sigma and dissolved in DMSO. The stock solution (10mM)
was stored at −80 °C until thawed and diluted with culture media for
use.

Fetal calf serum (FCS), charcoal-stripped FCS, serum-free AIM V
medium (Cat: 12055091) and specially ordered serum-free, phenol red-
free AIM V medium were purchased from Gibco at ThermoFisher
Scientific (USA). Unless stated otherwise, all cells throughout this study
were cultured with phenol red-free, serum-free AIM V media supple-
mented with 100 U/mL penicillin and 100mg/mL streptomycin, 1 mM
L-glutamine (Invitrogen) and 50 μM β-mercaptoethanol (β-ME; Sigma-
Aldrich).

Table 1
Subject Demographics.

PolymorphPrep (P) LymphoPrep (L) P+ L

N 4 17 10
Age, mean (range) 19.5 (18–20) 24.9 (18–48) 25.0 (21–48)
Sex, male/female (%) 2/2 (50/50) 11/6 (70/30) 5/5 (50/50)
Number of Naïve CD4+T/mL blood (×104) (mean ± SEM, range) 1.07 ± 0.44 (0.29–2.3) 4.30 ± 1.12 (0–14.8) 6.40 ± 1.54 (0.7–15.5)
% Naïve T cells in Periphery (mean ± SEM, range) 10.7 ± 3.8 (5–18) 4.9 ± 1.0 (1.0–17.0) 5.48 ± 0.67 (1.1–10.8)
% CD3+T cells in PBMC (mean ± SEM, range) 10.6 ± 6.1 (2.5–28.9) 18.2 ± 2.8 (1.8–35.7) 36.2 ± 2.93 (18.5–72.6)
% Purity of Naïve CD4+T cells (mean ± SEM, range) 21 ± 8.5 (6.1–42.0) 69.6 ± 9.3 (18.7–96.6) 97.1 ± 0.44 (94.1–99.3)
% Peripheral Th1 (mean ± SEM, range) 41 ± 6.0 (31.3–58.4) 31.7 ± 3.2 (1.7–39.1) 17.2 ± 4.37 (1.9–39.4)
% Peripheral Th17 (mean ± SEM, range) 2.8 ± 0.4 (2.2–3.6) 1.3 ± 0.23 (0–2.6) 0.86 ± 0.14 (0–1.7)
Ratio of Th1/Th17 in periphery (mean ± SEM, range) 16.0 ± 5.0 (9.9–25.8) 35.5 ± 8.9 (5.5–88.5) 22.0 ± 5.02 (5.5–48.1)
% Peripheral Th17/1 (mean ± SEM, range) 11.0 ± 6.8 (0.78–30.9) 1.2 ± 0.28 (0–3.3) 0.45 ± 0.11 (0–1.9)
% Differentiated Th17 (mean ± SEM, range) NA 0.88 ± 0.15 (0.1–1.8) 0.95 ± 0.22 (0.01–2.6)
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2.3. PBMC isolation and naïve CD4+ T cells purification

PBMCs were isolated freshly from blood samples using P or L or P
followed by L. In the latter, the PBMC layer collected from P separation
were resuspended with separation buffer (PBS with 2% FCS and 1mM
EDTA) followed by L separation. After a few low speed (230×g,
10 min) centrifugations to remove the remaining contaminated cells,
those PBMCs were used for the following culture or further purification
to obtain naïve T cells.

Human naïve CD4+ T cells were isolated using immunomagnetic

beads either from Miltenyi Biotech or from Stemcell Technologies ac-
cording to the manufacturer's instructions. The purity of T cells in
PBMCs and naïve CD4+ T-cells in purified end products are determined
by staining with anti-human CD3-APC for the former, with anti-human
CD45RA and anti-human CD4-PE for the latter (for Flow cytometry
analysis refer to section 2.5).

Fig. 1. Experimental schema for PBMC isolation, expansion of peripheral Th17 cells, naïve CD4+ T cell purification, Th17 differentiation and their analysis by flow
cytometry. Peripheral blood mononuclear cells (PBMCs) were isolated from human peripheral blood using either PolymorphPrep (P) or LymphoPrep (L), or both
methods sequentially (P+ L). Some PBMCs were cultured with the stimulation of anti-CD3 and anti-CD28 antibodies for 4 days in vitro to expand peripheral memory
Th17/Th1 cells. Most of the PBMCs were used for obtaining naïve CD4+ T cells by a naïve CD4+ T cell magnetic isolation kit followed by ex vivo culture with a
cytokine cocktail of IL-1β, IL-6, TGF-β1, IL-23, neutralizing antibodies of IL-4 and IFN-γ, plus anti-CD3 and anti-CD28 antibodies for 7 days for Th17 cell polarization.
The efficiency of the isolation and purification processes was determined by surface staining of their respective markers. The percentages of IL-17+ CD4+ Th17 or
IFN-γ+ CD4+Th1 cells were determined by intracellular cytokine staining.
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Fig. 2. Isolation by either (A) P alone or (B) L alone yielded lower purity PBMCs and CD3+ T cells than (C) sequential purification by P then L. (A–C) Representative
flow cytometry dot plots. (D) Summary graphs comparing the % yield by each purification approach. *p < .05; **p < .01. Comparison of P alone vs L alone: p ns.
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2.4. Expansion of peripheral memory Th17/Th1 cells in vitro and Th17
differentiation

For the expansion of peripheral Th17/Th1 cells in vitro, PBMCs were
seeded into a 12 well plate pre-coated with anti-human CD3 antibody
(10 μg/mL) at a density of 5×105/mL (unless otherwise stated), with
freshly added anti-human CD28 antibody (final concentration 10 μg/
mL) in 1mL culture media and the plate was incubated at 37 °C and 5%
(v/v) of CO2 for 4 days.

To differentiate Th17 cells, purified naïve CD4 T cells were seeded
into a round bottom 96 well plate pre-coated with anti-CD3 antibody
(10 μg/mL) together with soluble anti-CD28 antibody (1 μg/mL), IL-6
(10 ng/mL), IL-1β (10 ng/mL), TGF-β1 (5–10 ng/mL), IL-23 (10 ng/
mL), and the neutralizing antibodies anti-IL-4 (10 μg/mL) and anti-IFN-
γ (10 μg/mL) in serum-free AIM-V media without phenol red for 7 days
(Manel, 2008; Blom and Poulsen, 2013). The cell density was 5×104/
well of a 96-well plate and the medium was AIM V without phenol red
unless otherwise specified. Half of the medium was replaced at day 4
when necessary. Before harvesting for intracellular cytokine staining,
cells were treated with PMA (50 ng/mL) and ionomycin (1 μg/mL) in
the presence of transport inhibitor Golgistop (final concentration 1 μg/
mL) for 4 h. To determine estrogen's effect on Th17 differentiation,
naïve T cells were cultured with the polarization cytokine cocktail
(mentioned above) and treated with 1 nM E2 at the same time. The
medium was replaced when necessary.

2.5. Flow cytometry analysis

For surface staining of PBMCs with anti-CD3-APC and naïve T cells
with anti-CD45RA-FITC and anti-CD4-PE, cells were stained on ice in
the dark for 30min and then washed once with FACS buffer (PBS
containing 2mM EDTA and 1% (v/v) FBS). Intracellular staining for IL-
17 or IFN-γ was performed following the manufacturer's protocol
(eBioscience). Briefly, cells were first stained with Dead/Live fixable
violet for 30min and were then permeabilized with Cytofix/Cytoperm
for 20min. After thoroughly washing twice, cells were stained with
anti-IL-17, anti-IFN-γ and anti-CD4 on ice for 30min. Appropriate
gating was based on FMO (Fluorescence Minus One) information.
Samples were acquired on an LSR II flow cytometer using FACSDIVA
software (BD) at the SickKids-UHN Flow and Mass Cytometry Facility in
Toronto. Analysis was performed using FlowJo V_10 (Tree Star). Th17,
Th1 and Th17/1 cells were defined as IL-17+ CD4+ cells, IFN-γ+
CD4+T cells, and IL-17+ IFN-γ+ CD4+, respectively.

2.6. Statistical analysis

All statistical analyses were performed using Prism 6 (Graph Pad)
software. Results are representative of at least three independent ex-
periments. Student's t-test or paired t-test were used as appropriate,
with p < .05 as the criterion for detecting significant differences be-
tween two groups.

Fig. 3. Lower purity of PBMCs after isolation by P or L alone is associated with over-expansion of Th17, Th1 and Th17/1 cells after 4 days of culturing ex vivo. (A)
Representative flow cytometry dot plots. (B) Summary graphs comparing the % yield of differentiated peripheral T helper subsets by each purification approach.
*p < .05; ***p < .001.

F. Xiu, et al. Journal of Immunological Methods 467 (2019) 1–11

5



(caption on next page)

F. Xiu, et al. Journal of Immunological Methods 467 (2019) 1–11

6



3. Results and discussion

3.1. Sequential use of PolymorphPrep and LymphoPrep (P+ L) leads to
significant enrichment of T cells in PBMC preparations

Firstly, we tested the isolation of PBMCs from human peripheral
blood using either PolymorphPrep (P) or LymphoPrep (L), or both
methods sequentially (P+ L) (Fig. 1). The combination of P+ L was
superior to either P or L alone in terms of the percentage of CD3+ T
cells in PBMCs (Fig. 2, A–D). The major contaminating cells isolated
using the P protocol alone are platelets (Fig. 2, A; small size); using L
protocols, contaminating cells are erythrocytes, platelets, granulocytes
and memory lymphocytes (Fig. 2, B). Most of those “polluting cells”
were removed after sequential rounds of separation by P followed by L
(Fig. 2, C). Therefore, the P+ L procedure enriched the peripheral T
lymphocytes in the PBMC preparations. Neutrophils isolated from
PolymorphPrep have been used routinely by our lab and several other
labs (> 95% purity; Azzouz et al., 2018; Khan et al., 2018; Naffah de
Souza et al., 2018; Khan et al., 2017; Djiadeu et al., 2017b; Caudrillier
et al., 2012; Oh et al., 2008; Branitzki-Heinemann et al., 2016). The

sequential use of P+ L permits studies of both neutrophils and lym-
phocytes from the same sample of blood.

3.2. Lower purity of PBMCs over-expanded Th17 cells and Th17/1 cells

We next selectively expanded the T cells present in the PBMC pre-
parations by culturing in anti-CD3-coated plates for 4 days in the pre-
sence of anti-CD28. Analysis of cells by gating for T cells (CD3 marker)
showed that the presence of an increased proportion of non-T cells was
associated with increased amplification of peripheral Th1, Th17 and
Th17/Th1 cells (Fig. 3, A). In comparison to L and P+ L, P alone
produced a higher percentage of Th subsets: 2.8 ± 0.4% (P) vs,
1.3 ± 0.23% (L) vs 0.86 ± 0.14% (P+ L) for Th17 cells;
41.0 ± 6.8% (P) vs 31.7 ± 3.2% vs (L) vs 17.2 ± 4.37% (P+L) for
Th1 cells, and 1.05 ± 0.22% (P) vs 0.45 ± 0.11% (L) vs
0.95 ± 0.22% (P+ L) for Th17/1 cells, respectively.

Overall, the PBMC preparations with the lowest purity, isolated by P
alone, led to the highest over-expansion of all three Th cell subsets in
comparison to P+ L (Fig. 3, B). Although we did not determine the
cytokine levels in the culture supernatant, cytokines secreted from the

Fig. 4. Purification by P alone (A) yielded a lower purity of naïve CD4+ T cells than L alone B), which in turn yielded a lower purity of naïve CD4+ T cells than
sequential isolation by P+L (C). (A–C) The final purification step in each of used an immunomagnetic beads kit. Representative flow cytometry dot plots. (D)
Summary graphs comparing the % of Th cell subsets differentiated from naïve CD4+ T cells isolated by P, L or P+ L. *p < .05; ***p < .001. (E) Compared to
isolation by L alone, isolation of naïve CD4+ T cells from whole blood by P+L increased the yield of naïve CD4 T cells.

Fig. 5. Th1, Th17 and Th17/1 cells differentiated from naïve CD4+ T cells isolated by L or P+L. (A) Representative flow cytometry dot plots of the expression of
Th17, Th1 and Th17/1 after differentiation culture conditions for 7 days. (B) The percentages of differentiated Th17, Th1 and Th17/1 cells after 7 days differentiation
culture.
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contaminating cells might play a role. Furthermore, platelets might
mediate their effect by their derived microparticles (Chakraverty, 2014;
Dinkla et al., 2016). Granulocytes present in the PBMC preparations
could release granules to alter the degree of expansion of various Th cell
subsets. The percentage of Th17 cells by L alone is similar to the
(1.60 ± 0.56)% reported after isolation from the blood of healthy
subjects using Ficoll-Hypaque (Shen et al., 2009).

3.3. Sequential use of PolymorphPrep and LymphoPrep (P+ L) leads to the
consistently of isolating high purity naïve CD4+ T cells from the PBMC
preparations

We also used the PBMCs isolated from these three methods for
purifying naïve CD4+ T cells using magnetic bead-based negative se-
lection. The P+ L procedure gave the highest proportion of

lymphocytes (Fig. 4, A–C), and consistently very high purity naïve
CD4+ T cells (Fig. 4, D). The purity of our naïve CD4+ T cells isolated
from P+ L high purity PBMCs followed by immunomagnetic bead se-
paration (97.1 ± 0.44%, Table 1) was significantly higher than the
corresponding values after isolation using L (69.6 ± 9.3%) and P
(21.0 ± 8.5%). The purity of naïve CD4+ T cells that are based on
sequential use of P and L compares favorably with the published pu-
rities (75%–96%) of naïve CD4+ T cells isolated using im-
munomagnetic beads alone (Revu et al., 2018; Schmidt et al., 2016).
The presence of a higher proportion of other cells in the PBMC pre-
parations markedly reduced the final purity of naïve CD4+ T cells. This
is likely due to the consumption of antibodies binding to the large
number of target cells. Therefore, the negative selection was not suffi-
cient to completely eliminate all the other cells to yield high purity
naïve CD4+ T cells. Compared to isolation by L alone, isolation of naïve

Fig. 6. The density of initial culture influences the differentiation of Th17 cells from naïve CD4+ T cells. Assessment of the effect of cell densities (2.5× 104/well,
5× 104/well and 1× 105/well in a 96-well plate) on the percentages of Th17 cells after 7 days of differentiation from naïve CD4+ T cells. (A) Dot plot of data of a
representative experiment. (B) Summary data of 3 independent experiments.
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CD4+ T cells from whole blood by P+ L increased the yield of naïve
CD4+ T cells (Fig. 4, E).

3.4. Effect of purification protocols on Th 17 differentiation from naïve
CD4+ T cells

The yield of Th17 cells differentiated from pure naïve CD4+ T cells
isolated by P+L was (0.95 ± 0.22)%. This was very similar to the
corresponding yield after differentiation from naïve CD4+ T cells iso-
lated by L alone: (0.88 ± 0.15%, p ns; Fig. 5). The percentage of Th1
cells in Th17 differentiation medium were respectively 3.9 ± 2.0% (L)
and 1.2 ± 0.3% (P+L) (p ns; Fig. 5, A). However, the differentiated
Th17/1 cell population in P+ L is significantly higher than the cells
isolated by L alone (Fig. 5, B). Therefore, the purity of the naïve CD4+ T

cells used in the cultures can affect the differentiation of Th cell sub-
types.

3.5. Cell culture density influences Th17 differentiation from naïve CD4+ T
cells

Next, we examined the association between cell density and Th17
phenotype. To this end, we tested the effects of cell density effect on
Th17 differentiation. Naïve CD4+ T cells were seeded at 2.5× 104,
5× 104 and 1× 105 cells/well in a 96-well plate pre-coated with anti-
human CD3 antibody and cultured for 7 days. There was a cell density-
dependent effect: lower density (2.5× 104/well) of the culture leading
to more Th17 cells (2.5%), with only 0.33% Th17 cells at higher density
(1×105/well) (Fig. 6). No cells grew with<1×104/well in a 96-well

Fig. 7. The influence of medium composition on Th17 differentiation. Naïve CD4+ T cells were differentiated for 7 days at a density of 5× 104/well in (A) serum-
free AIM V medium without phenol red, (B) serum-free AIM V with phenol red, or (C) RPMI 1640 supplemented with charcoal stripped FBS and free of phenol red.
(A-C) show the proportions of Th17 cells after isolation in each medium (n=3 independent experiments). (D) Estrogen (E2; 1 nM) inhibited Th17 differentiation in
serum-free AIM V medium without phenol red; n=5; *p < .05, paired t-test.
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plate (not shown). Therefore, unless specified otherwise, for our stan-
dard throughout this study we used a cell density of 5×104/well in a
96-well plate for Th17 differentiation.

It has been reported that the survival of normal T cells and a number
of leukemic cell lines depend on cell density (Ma et al., 2010; Pilling
et al., 2000). Resting T cells are totally dependent on serum and cell-cell
contact since they die rapidly if deprived of either of them. Pilling et al.,
(2000) showed that cell survival is proportional to serum concentration
in the range of 0.5–2×106/mL, but cells die at low density even with
high concentrations of serum. This also applies to activated T cells,
which grow rapidly ex vivo at high cell density; however, lower density
leads to more activated T cell death mediated by oxidative stress (Ma
et al., 2010). We report here that a low density of naïve CD4+ T cells
favours Th17 polarization, which is inhibited by a higher density of
naïve T cells. These results highlight the importance of the initial cell
culture density on the differentiation of naïve T cells. Th17 differ-
entiation requires an optimal cell density (2 to 5×104/well in 96 well
plate) to ensure an adequate cell-cell interaction.

3.6. Estrogen inhibited human Th17 differentiation from naïve CD4+ T
cells

To better evaluate the effects of sex hormones on Th17 cell differ-
entiation, we tested the suitability of various cell culture media for
study of the effects of sex hormones. Phenol red-free RPMI 1640
medium supplemented with 10% charcoal-stripped FCS is one option.
The pH-responsive dye phenol red is commonly included in culture
media, but may be removed for studies of the effects of sex hormone
due to its partial estrogenic activity (Welshons et al., 1988). In order to
reduce or eliminate confounding effects from serum hormones, serum
may be exposed to activated charcoal (“stripped”) prior to adding to the
culture medium, or the serum may simply not be added (serum-free).
Serum-free media such as AIM V that contains specific T cell growth
factors can be used for ex vivo T cell expansion and proliferation
(Medvec et al., 2017).

Fig. 7 shows representative data of three independent experiments
using the following media: AIM V without phenol red (medium M1,
Fig. 7, A), AIM-V with phenol red (medium M2, Fig. 7, B), and RPMI
1640 without phenol red with 10% charcoal stripped FCS (medium M3,
Fig. 7, C). After differentiation from naïve CD4+ T cells, there were
3.02%, 1.59% and 0.57% Th17 cells in media M1, M2 and M3, re-
spectively. Charcoal-stripped FBS has been deprived of lipid-like com-
ponents including but not limited to virus, certain growth factors,
hormones and cytokines. Therefore, it is not surprising that naïve CD4+

T cells did not proliferate and differentiate well with medium M3 at a
density of 5×104/well in a 96-well plate (Fig. 7, C). Increasing the
density up to 1×105/well permitted the cells to proliferate (data not
shown), but the limited number of naïve CD4+ T cells obtained from a
healthy subject makes M3 unsuitable for our purposes. M1 was chosen
over M2 for the following experiments due to its better yield of Th17
cells.

Previous studies showed that estrogen inhibits Th17 differentiation
from naïve CD4+ T cells in mouse models (Tyagi et al., 2012; Chen
et al., 2015), but the effect on human Th17 differentiation has not been
fully investigated. We found that 1 nM estradiol significantly inhibited
Th17 differentiation (Fig. 7, D). The only difference between media M1
and M2 was the phenol red content of M2. The smaller yield of Th17
cells in M2 medium is consistent with competitive inhibition of es-
trogen activity due to the weak estrogenic agonist phenol red. Overall,
serum free media without phenol red is the best option to explore es-
trogen's effect on Th17 differentiation.

4. Conclusion

In this report, we present a modified protocol to isolate peripheral
blood neutrophils, mononuclear cells and naïve CD4+ T cells with high

purity. The protocol is an efficient and cost-effective alternative to the
use of cell sorters. The consistency of initial cell purity and culture
density would be suitable for multiple center patient-based studies. We
found that cell density modulates Th17 differentiation from naïve
CD4+ T cells. For studies of the effects of sex hormones on Th17 dif-
ferentiation from naïve CD4 T cells, the most suitable culture medium
was free of serum and free of phenol red. A physiological dose of es-
trogen inhibited Th17 differentiation. Overall, the new sequential dual
purification protocol proved useful for isolating highly pure neutrophils
and naïve CD4+ T cells for various experiments from the same blood
sample.
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