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ABSTRACT
Monitoring functional competence of immune cell populations in clinical routine represents a major
challenge. We developed a whole-blood assay to monitor functional competence of peripheral innate
immune cells including NK cells, dendritic and monocyte cell subsets through their ability to produce specific
cytokines after short-term stimulation, detected through intra-cytoplasmic staining and multi-parametric flow-
cytometry. A PMA/ionomycin T cell activation assay complemented this analysis. Comparing cohorts of
healthy women and breast cancer (BC) patients at different stages, we identified significant functional
alteration of circulating immune cells during BC progression prior to initiation of treatment. Of upmost
importance, as early as the localized primary tumor (PT) stage, we observed functional alterations in several
innate immune populations and T cells i.e. (i) reduced TNFa production by BDCA-1C DC and non-classical
monocytes in response to Type-I IFN, (ii) a strong drop in IFNg production by NK cells in response to either
Type-I IFN or TLR7/8 ligand, and (iii) a coordinated impairment of cytokine (IL-2, IFNg , IL-21) production by T
cell subpopulations. Overall, these alterations are further accentuated according to the stage of the disease in
first-line metastatic patients. Finally, whereas we did not detect functional modification of DC subsets in
response to TLR7/8 ligand, we highlighted increased IL-12p40 production by monocytes specifically at first
relapse (FR). Our results reinforce the importance of monitoring both innate and adaptive immunity to better
evaluate dysfunctions in cancer patients and suggest that our whole-blood assay will be useful to monitor
response to treatment, particularly for immunotherapeutic strategies.
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Introduction

In cancer, the immune system can play a dual role. During the early
stages of tumorigenesis, active immune surveillance prevents
tumor development, while in more advanced tumor stages
immuno-subversion leads to tumor escape. A strong immune sig-
nature has been linked with improved patient outcome in BC sub-
types, with the highest correlation in the ERneg and Her2-amplified
tumors. 1-3 Furthermore, higher levels of infiltrating CD8C T cells
in BC have been associated with better patient survival. 4

During the last 10 years, our group and others have demon-
strated a variety of mechanisms favoring primary BC escape
from immuno-surveillance. They include altered myeloid den-
dritic cells (mDC) and plasmacytoid DC (pDC) 5-7 function,
regulatory T cell (Treg) recruitment and expansion through
ICOS–ICOSL interaction 8-10 and T cell effector neutralization.
11 We have also shown that systemic alterations such as lym-
pho-divpenia (low T cell receptor diversity and reduced lym-
phocyte number) 12 and more particularly CD4C lymphopenia

13 strongly influence survival among first-line metastatic BC
patients. This strengthens the importance of the integrity of
immune system function as measured in periphery to maintain
the tumor under control.

Blood T cell alterations such as reduced proliferation
capacity in response to mitogens (PHA) 14 and altered cyto-
kine pattern under PMA-Ionomycin (P/I) activation 15-17

have been described in primary and locally advanced BC
patients. In particular, the CD4CIL-17C population is known
to contribute to inflammation and autoimmunity, but with a
controversial role in cancer. However, the CD4CIL-17C is
significantly reduced in blood of Her2-amplified primary
and metastatic BC patients compared to other BC subtypes
or healthy donors (HD). 18

In blood, DCs are divided into three main subsets: BDCA-1C

mDCs represent 47.5% of circulating DCs producing inflamma-
tory cytokines and chemokines. 19 BDCA-3C/CD141C mDCs
which represent only 5% of total DCs and are the human
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homolog of the mouse CD8aC DC subset producing Type-III
IFN (IFNλ) 20,21 are specialized in Ag cross-presentation. 22-25

Finally, pDC (47.5%), natural Type-I IFN-producing cells
(IFNa), play a central role in antiviral immune response and are
also involved in maintenance of tolerance (for a review, see ref.
26). In BC patients, after LPS-stimulation, blood DCs (Linneg

HLADRC) secrete lower levels of IL-12p40 and present reduced
activation capacity 27 compared to HD whereas no difference in
TNFa and IL-1b secretion 28 are observed.

NK cells are fundamental for host protection against malig-
nancies and today, it is obvious that antitumor functions of NK
cells are tightly regulated and expand far beyond the simple
killing of cancer cells. 29 Indeed, blood NK cells could modulate
DC functions through either release of cytokines or physical
interaction with DC. 30,31 Blood NK cells have been also
reported to be functionally altered 32 in BC patients.

Monocytes are recruited from the circulation into the tumor,
where they accumulate and differentiate into inflammatory and/or
tumor-associated macrophages or monocyte-derived DCs with
pro or antitumor functions. Therefore, analyzing monocyte func-
tionality in patients’ bloodmay be informative. Recently, transcrip-
tome analysis demonstrated that blood monocytes from renal cell
carcinoma patients and HD donors are highly divergent,33 further
demonstrating the strong impact of a solid tumor on circulating
immune cells. Moreover, BC patient peripheral monocytes are
functionally altered as they differentiate into a more suppressive
DC phenotype under GM-CSFCIL-4. 34

Due to its easy access, peripheral blood constitutes an
interesting source to measure functional competence of
immune cell subsets. Whereas T cell function in whole
blood (WB) is classically assessed after P/I reactivation,
over the last 10 years sparse assays have been setup to eval-
uate DC subset function without a purification process in
different pathologic situations including BC. 35-39 However,
as DCs are not the sole innate players in blood for cytokine
secretion, evaluation of circulating monocyte subsets has
been integrated in such WB assay. 40

Monitoring functional competence of immune cell popula-
tions routinely in the clinic represents a major challenge during
health and disease. Indeed, remarkable results obtained with
anticancer immunotherapy treatments urge us to find relevant
biomarkers, and more importantly on understanding precise
mechanisms leading to tumor regression. In order to evaluate
systemic functional changes, we developed a WB assay aiming
at analyzing functional competence of innate immune cells
comprising NK, DC and monocyte subsets together in a single
tube, as interplay exists between different immune cell popula-
tions. We compared different TLR activators and selected
IFNa-2b and R848 (TLR7/8 agonist) as complementing activa-
tors to evaluate cytokine production through intra-cytoplasmic
staining (TNFa, IFNg, IL-12p40 and IFNa). This assay was
combined with a WB T cell polyclonal activation (P/I) to evalu-
ate Th1 (IFNg, TNFa, IL-2), Th17 (IL-17A) and TFH (IL-21)
cytokine production. In the present study, we followed the
functional competence of circulating immune cell populations
in independent cohorts of BC patients at different stages of
tumor progression (PT, FR, second relapse (SR)) compared to
HD cohort. This is the first report of an integrated analysis, per-
mitting the identification of altered functional competence of

immune cells as early as the stage of localized PT. Furthermore,
these alterations are amplified in first-line metastatic patients.
Intriguingly, most of these alterations appear to be restored in
more advanced metastatic patients.

Results

Based on the capacity of different innate and adaptive
immune subsets to secrete selective cytokines, we devel-
oped a heparinized WB assay to assess immune cells func-
tion after short-term stimulation by flow cytometry. Two
distinct activation conditions and associated panels were
developed (Table 3).

11-color flow cytometry permits simultaneous functional
characterization of T cell subsets in WB

The first condition consisted of short-term reactivation of
T cells with P/I in presence of brefeldin A, in the evalua-
tion of Th1 (IFNg, TNFa, IL-2), Th17 (IL-17A) and TFH
(IL-21) cytokines. These T lymphocytes were characterized
by the expression of CD3 and exclusion of CD14, CD15
and CD19 markers. We distinguished gd (CD3CTCRg9C)
from ab (CD3CTCRg9neg) T lymphocytes in which we
identified respectively CD8C and CD4C subsets. Then,
based on the expression of CD45RA, we discriminated
CD8CCD45RAC (CD3CTCRg9negCD8CCD45RAC), mem-
ory CD8C (CD3CTCRg9negCD8CCD45RAneg),
CD4CCD45RAC (CD3CTCRg9negCD4CCD45RAC) and
memory CD4C (CD3CTCRg9negCD4CCD45RAneg). The
gating strategy and results obtained for a HD are shown
in Fig. 1A. As expected, in response to P/I, almost all gd T
cells produced both IFNg and TNFa. CD4C and CD8C

memory T cells produced IFNg, TNFa and IL-2, and
CD4C memory subpopulation also produced either IL-21
or IL-17A potentially representative of TFH and Th17 sub-
sets. Naive CD4C T cells produced only IL-2 whereas
CD8CCD45RAC and CD4CCD45RAC T cells co-producing
IFNg and TNFa represent effector memory T cells
(TEMRA) subpopulation as previously described
(Figure S1). 42

11-color flow cytometry permit simultaneous functional
characterization of monocytes, NK and DC subsets in WB

The second panel named “innate immunity” allowed the simul-
taneous identification of all monocyte and DC subsets along
with NK cells (Fig. 1B). NK cells were characterized based on
exclusion of HLA-DR and lineage markers (CD3/CD14/CD15/
CD19) and CD56 and CD16 expression. All DC subsets were
identified by their expression of HLA-DR. pDC were identified
based on BDCA-2 expression and lack of CD11c. mDC were
discriminated from pDC based on CD11c expression among
which we distinguished BDCA-3C DC (CD11cCBDCA-3high)
and BDCA-1C DC (CD11cC BDCA-3negBDCA-1C). Contami-
nating cells were eliminated based on expression of lineage
markers. As previously described, monocytes express HLA-
DRC and CD11chigh and CD14 and CD16 expression, allows
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defining CD14CCD16C/¡ monocytes and CD14lowCD16C non-
classical monocytes (nc-monocytes). 43

In order to define the optimal experimental conditions
inducing simultaneous activation of all innate immune cell
subsets, different activators were tested in WB (Fig. 2A,

Figure 1. 11-color flow cytometry gating strategies to assess circulating immune cell functionality. Dot plots represent results obtained after a healthy donor WB stimula-
tion. (A) After short term P/I activation, we analyzed by multi-parametric flow cytometry the ability of gd T cells (CD3CTCRg9C), LTCD8CCD45RAC

(CD3CTCRg9negCD8CCD45RAC), memory LTCD8C (CD3CTCRg9negCD8CCD45RAneg), naive CD4C (CD3CTCRg9negCD4CCD45RAC) and memory CD4C T cells
(CD3CTCRg9negCD4CCD45RAneg) to synthetize IFNg , IL-2, TNFa, IL-21 or IL-17A. (B) The “Innate Immunity” panel allowed the simultaneous identification of NK cells (LIN-
negHLA-DRnegCD56C), DC subsets (LINnegHLA-DRC) including pDC (BDCA2CCD11cneg), BDCA-3C mDC (CD11cCBDCA-3high), BDCA-1C mDC (CD11cCBDCA-1C), monocytes
(HLA-DRCLinCCD11cCCD56neg) including CD14CCD16C/¡monocytes and non-classical (nc-monocytes CD14lowCD16C).
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Fig. S2). To favor the cellular cooperation and particularly
DC/NK cross talk, brefeldin A was added following 1-h
stimulation.41 We particularly focused on activators previ-
ously shown to directly or indirectly induce NK cell acti-
vation such as poly(I:C),44 R848,45 CpG-B 46 and IFNa-2b.
47 As shown in Fig. 2A, R848 was the only TLR-L able to
induce a simultaneous and strong response of all mono-
cytes, DC subsets and NK cells. Indeed, 5-h WB stimula-
tion allowed the production of IFNg by NK cells, co-
production of IFNa and TNFa by pDC and co-production
of IL-12p40 and TNFa by mDCs subsets. High TNFa lev-
els and low IL-12p40 levels were produced by both mono-
cyte subsets.

Similar results were obtained after PBMC purification
(Fig. 2B). However, the percentage of DC subsets co-pro-
ducing IL-12p40 and TNFa (mDC subsets and mono-
cytes) or IFNa and TNFa (pDC subset) was from 2- to
5-fold lower in PBMC than in WB according to the sub-
set analyzed (co-producing cells in WB and PBMC
respectively (mean § SD): 51§ 2% vs. 26.5 § 7.5% for

pDC; 71.1§9% vs. 46.9 § 10% for BDCA-3CDC; 88.5 §
0.7% vs. 17 § 4 % for BDCA-1CDC; 18.65§1.45 vs. 5.9
§ 0.7 for monocytes and 28.55 § 3.95 vs. 6.3 § 0.3 for
nc-monocytes). IFNg production by NK was slightly
higher in PBMC than in WB (8.6 § 0.41% and 13.41 §
5.22 %).

In our WB assay, stimulation by poly(I:C) or CpG-B
induced weak NK response (<2% of IFNg) (Fig. 2A). More-
over, stimulation by poly(I:C) only induced mDCs response
and weak response by monocyte subsets. As previously
described 20,25 in response to poly(I:C), we observed higher
cytokine levels produced by BDCA-3C DC than by BDCA-1C

DC (co-producing IL12p40/TNFa (mean § SD): 21§4.4% for
BDCA-3C vs. 8§2.3% for BDCA-1C subset). CpG-B, but not
CpG-A stimulation (Fig. S2), induced moderate pDC and
BDCA-3C DC response.

WB activation with IFNa-2b (Fig. 2A) induced low IFNg
production by NK cells (10.1%), high TNFa production by
monocytes subsets (nc-monocytesD86.4%; CD14CCD16C/¡

monocytesD46.7%), whereas only a low percentage of BDCA-

Figure 2. Evaluation of the functional capacity of innate immune cells upon short-term stimulation by multi-parametric flow cytometry. After 5 h of culture in presence of
medium or activators, brefeldin A being added after 1 h, we assessed the functional capacity of different innate immune cells characterized as described in Fig. 1B. Dot
plots present cytokine intracytoplasmic staining to evaluate production of IFNg/TNFa by NK cells or IFNa/TNFa by pDC as well as IL-12p40/TNFa by mDC (BDCA-3C,
BDCA-1C) or monocyte (CD14CCD16C/¡, CD14lowCD16C) subsets. (A) The efficiency of different activators (TLR7/8 ligand (R848), Type-I IFN (IFNa¡2b), TLR3 ligand (poly
(I:C)), TLR9 ligand (CpG-B)) was compared to medium condition in whole blood assay. (B) Comparison of results obtained after 5 h of stimulation with R848 (10mg/mL) on
whole blood or PBMC from the same donor.
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1C DC (BDCA-1C DC D6.2%) producing TNFa were detected.
No specific cytokine synthesis was detected in pDC and
BDCA-3C DC (data not shown).

In conclusion, we identified and selected R848 and IFNa-2b
as the best and complementary stimulators to monitor mono-
cytes, NK and DC simultaneously.

Increased IL-12p40 production by monocytes in response
to R848 stimulation in BC patients

We applied this WB assay to independent BC patient cohorts
(PT, FR or SR according to the progression of the pathology,
see Table 1 for patient characteristics) and results were com-
pared with HD cohort. In response to R848, we did not observe
significant modification of TNFa or IFNa production by DC
subsets regardless of the stage of the pathology (Fig. 3A,
Fig. 3B, Fig. S3). However, focusing on CD14CCD16C/¡ and
nc-monocyte subsets, we observed a gradual increase of median
percentage of IL-12p40 produced in BC patients from PT to FR
stages (Fig. 3C), with this difference being significant only with
the latter compared to HD (nc-monocytes: HD D 17%, PT D
22%, FR D 31% (p value D��); CD14CCD16C/¡ monocytes: HD
D 16%, PT D 21%, FR D 26% (p value D ��)). In contrast, IL-
12p40 secretion remained stable for BDCA-1C and BDCA-3C

DC subsets (Fig. 3C). In more advanced patients (SR) median
percentage of IL-12p40 secretion by monocytes or DC was not
significantly different from HD values.

Alteration of NK cell functionality in all BC patient cohorts
in response to R848 and IFNa-2b

Alteration of NK cell function in BC patients has been demon-
strated in purified NK in response to a class I negative target stimu-
lation 32 but was never evaluated in WB in the absence of target in

response to TLR stimulation, known to depend on crosstalk with
DC. Therefore, we monitored NK response to TLR7/8 stimulation
without any separation process, inWB in the presence of accessory
cells such as monocytes and DC. As shown in Fig. 3D, in response
to TLR7/8 and IFNa-2b, NK cells secreted significant levels of
IFNg in HD with a high dispersion (median HD: 20% [0.6–47.6]).
Remarkably, IFNg production drastically dropped in BC patients
both at PT (median IFNg=6% [0–28.8]; p valueD���) and FR
stages (median IFNg=2% [0.2–36.0], p valueD����) but was partly
recovered at SR (median IFNg D8% [1.1–25.6]; p valueD�). Similar
results were obtained under IFNa-2b activation, even if global lev-
els were lower (Fig. 3D). In contrast, very low levels of TNFa were
detected in HD in response to various stimulators including IFNa-
2b (Fig. 2A and Fig. S2) and no variation was detected in patients.

IFNa-2b stimulation highlights major alterations in
monocytes and BDCA-1C DC subsets

In HD, we confirmed the production of TNFa in response to
IFNa-2b (Fig. 3E), although at lower levels compared to R848
(Fig. 2A), by monocyte subsets (CD14CCD16C/¡ and nc-
monocyte subsets) and BDCA-1C DC subset (median TNFa:
CD14CCD16C/¡D33%; nc-monocytesD64% and BDCA-1C

DCD13%). BDCA-3C DC and pDC subsets did not produce
TNFa in this condition.

Compared to HD, TNFa production in PT cohort was
decreased in nc-monocytes (median TNFa: PTD46%, p val-
ueD�) and BDCA-1C DC (median TNFa: PTD7%, p val-
ueD���) subsets. This altered TNFa production was specific of
PT stage, as the percentage of TNFa production remained
either identical (nc-monocytes and BDCA-1C DC) or higher
(CD14CCD16C/¡ monocytes) to HD ones at stage or relapsed
patients.

Table 1. Patients’ characteristics.

Healthy donors Primary tumors First relapse Second relapse
N 30 46 34 20
Age [min–max] 51 years [34–63] 44 years [29–63] 55 years [32–77] 60 years [39–76]

Histologic type n (%) n (%) n (%)
Missing data 1 1
Lobular carcinoma 2 (4.4%) 6 (17.6%) 3 (15.8%)
Ductal carcinoma 43 (95.6%) 28 (82.4%) 16 (84.2%)
ER/PgR status
ERC 26 (56.5%) 27 (79.4%) 15 (75%)
PgRC 23(50%) 25 (73.5%) 9 (45%)
HER2 status
Positive 7 (15.2%) 1 (2.9%) 2 (10%)
Triple-negative tumors 17 (36.9%) 6 (17.64%) 4 (20%)
SBR status
Missing data 1
1 3 (8.8%)
2 23 (50%) 16 (47.1%) 10 (52.6%)
3 23 (50%) 15 (44.1%) 9 (47.4%)
Number of metastatic LN
missing data 5 5
<3 37 (80.4%) 15 (44.1%) 7 (35%)
�3 9 (19.6%) 14 (41.2%) 13 (65%)
Main metastatic sites
Bone 0 15 (44.11%) 16 (80%)
Liver 0 14 (41.17%) 13 (65%)
Bone only 0 2 (5.88%) 1 (5%)
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Figure 3. For figure legend, see page 7.
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This TNFa alteration observed in nc-monocytes was
strongly correlated with TNFa produced by CD14CCD16C/

¡ monocytes in IFNa-2b (R D 0.791, p <10¡4) and BDCA-
1C DC either in IFNa-2b (R D 0.471, p D 0.001) or R848
stimulation (RD0.469, p D0.001) (Fig. S4, Fig. S5A–C). This
reveals a common alteration for these three cell subsets
regardless of the activator used. Of interest, this TNFa
alteration observed in nc-monocytes, was also correlated to
decreased TNFa production by pDC in the R848 condition
(R D 0.654, p <10¡4) whereas it did not correlate with their
IFNa secretion (R D 0.246, p D0.112) (Fig. S4, Fig. S5D)
further demonstrating global altered TNFa production by
innate immune cells analyzed at PT stage independently of
the activation pathway.

Altered IL-2 production by CD4C and CD8C T cells during
BC progression

Alteration of IL-2 production capacity was observed in both
CD4C and CD8C T cells (Fig. S6B) in all BC cohorts either at
primary or metastatic stages (FR and SR) although this differ-
ence reached statistical significance only in the FR cohort (p
valueD�). While the production of IL-2 was lower in
CD4CCD45RAC subset (HD D 20%; PT D 11%; FR D 8%, SR
D 16%) than in memory CD4C T cells (HD D 48%; PT D 40%;
FR D 32%, SR D 41%), this difference was significant in both
populations (p valueD�) (Fig. 4A). For CD8C subsets, IL-2
secretion was mainly produced by memory T cell subset and
also significantly altered at the FR stage (HDD28%; PTD18%;
FRD13% (p valueD�), SR D 24%) (Fig. 4B).

IFNg secretion by T cells are altered in blood from BC
cohorts compared to HD cohort

Interestingly, we pointed out a decrease in CD8C T cell
IFNg secretion capacity at primary and metastatic stages
(Fig. S6C). This reduction was observed either in the
memory CD45RAneg population with a statistical signifi-
cance comparing FR to HD (HD D 77%; PTD66%;
FRD60% (p valueD�); SR D 63%) and CD45RAC subset
although it remains not significant (HD D 43%; PT D
28%; FR D 25%; SR D 43%) (Fig. 4D). Whereas CD4C T
cells produced normal TNFa levels (Fig. S6A), IFNg

(Fig. S6C) was produced at lower levels. Focusing on
memory CD4C T cells we observed, as for CD8C subpopu-
lation, a significant reduced percentage of IFNg producing
cells at FR stage compared to HD (HD D 26%; PT D 24%;
FR D 18% (p valueD�); SR D 17%) (Fig. 4C).

IFNg/IL-2 co-production is highly and significantly altered
in FR patients

As shown in Fig. 1A within CD4C and CD8C memory subsets,
we noticed a subpopulation producing IFNg together with IL-2
that represents 16.8 § 5.8 % of the CD4CCD45RAnegIL-2C sub-
population and 20.3 § 8.8% of the CD8CCD45RAnegIL-2C

population. When comparing the percentage of memory T cells
coproducing IL-2 and IFNg (Fig. 4E), among the different
cohorts we observed a highly significant decrease in FR patients
as compared to both cytokines alone (HDD17% vs. FRD9% for
CD4C; HDD20% vs. FRD5% for CD8C; p valueD����), that
remained significant at SR stage (10% for CD4C and 6% for
CD8C; p valueD�).

Similar observations was done for TNFa/IL-2 co-produc-
tion (HDD35% vs. FRD26% for CD4C; HDD22% vs.
FRD10% for CD8C p valueD�) even if this difference was
statistically significant only for the memory CD8C subset
(Fig. 4F). In contrast, the percentage of cells coproducing
IFNg/TNF was not significantly modulated among cohorts
(not shown). Finally, no modulation was observed for cells
co-producing all three cytokines (not shown).

IL-17A and IL-21 modulation observed in BC patients
cohorts

The evaluation of IL-17A and IL-21 secretion by CD4C sub-
sets demonstrated a small subset of CD4C memory T cells
able to secrete IL-17A (Fig. 1A) that, although not statisti-
cally significant, was the only T cell cytokine that was
increased in the PT cohort (Fig. 5A). In contrast, even if
the percentage of CD4C memory T cells secreting IL-21
remained low (Fig. S7, Fig. 5B), a 2-fold decrease was
detected in metastatic patients (FR and SR) that was signifi-
cantly different comparing FR to HD (3.75% vs. 1.74%
respectively, p valueD�).

Of importance, when focusing on poly-functional CD4C

memory subpopulation co-producing IL-21 with either IL-2,
IFNg or TNFa, the alteration observed at PT stage
appeared significant (IL-21CTNFaC p-valueD��; IL-
21CIFNgC p valueD�; IL-21CIL-2C p valueD�) and increased
the significance observed at FR stage (IL-21CTNFaC p val-
ueD��; IL-21CIFNgC p valueD��; IL-21CIL-2C p valueD�)
(Figs. 5C–E).

gd T cell functional defects

A recent publication suggests that peripheral blood gd T
cell IFNg production capacity, under polyclonal stimulation,
is reduced in newly diagnosed untreated primary breast
tumors patients. 48 In contrast, we demonstrated in our WB

Figure 3. (See previous page) Innate immune cell subset functional alterations observed in periphery during breast tumor progression. The functionality of innate
immune cells was assessed in WB after TLR7/8 ligand (R848, 10mg/mL) or IFNa2b (1000 IU/mL) stimulation in cohorts of patients with breast cancer at different stage of
disease (PT (nD 46), FR (nD 34), SR (nD 20)) and compared to a HD cohort (nD 31) and presented as percentage of cell subset producing a specified cytokine in the dif-
ferent cohorts: (A) percentage of BDCA-3CDC and pDC subsets producing TNFa upon TLR7/8 ligand stimulation, (B) percentage of pDC producing IFNa upon TLR7/8
ligand stimulation, (C) percentage of nc-monocytes, monocytes (CD14CCD16C/¡), BDCA-1CDC and BDCA-3CDCs producing IL12p40/70 upon TLR7/8 ligand stimulation,
(D) percentage of NK cells producing IFNg upon TLR7/8 ligand and IFNa-2b stimulations and (E) percentage of nc-monocytes, monocytes (CD14CCD16C/¡) and BDCA-
1CDC producing TNFa upon IFNa-2b stimulation. �: p value< 0.05, ��: p value< 0.01, ���: p value< 0.001.
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assay that gd T cell capacity to secrete IFNg was signifi-
cantly altered in FR patients (58% [1.6–95.4], p valueD��)
compared to HD or PT patients that remained similar
(HDD88.5% [5–98.4]; PTD87. 7% [2.6–96.5]) (Fig. 6)
whereas TNFa secretion capacity in the different cohorts
remained unchanged compared to HD.

Absence of correlation between innate and adaptive
immune alteration and tumor characteristics

Integration of tumor patient characteristics (age, hormone
receptor expression, SBR grade, lymph node involvement,
molecular subtypes) did not show correlation with the

Figure 4. T cell subset functional alterations observed in periphery during breast tumor progression. The functionality of T cell subsets was assessed on WB after short-
term polyclonal stimulation (P/I) in presence of brefeldin A in cohorts of patients with breast cancer at different stages of disease (PT (n D 46), FR (n D 34), SR (n D 20))
and compared to a HD cohort (=31) and presented as percentage of cell subsets producing a specified cytokine in the different cohorts: percentage of IL-2 production by
CD4C (A) and CD8C (B) T cell subsets (CD45RAC and CD45RAneg), percentage of IFNg production by CD4C (C) and CD8C (D) T cell subsets (CD45RAC and CD45RAneg) and
(E) percentage of IL2 and IFNg and IL2 and TNFa (F) co-production by CD45RAneg memory CD4C and CD8C T cells. �: p value <0.05, ��: p value <0.01, ���: p value
<0.001, ����: p value<10¡4.
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Figure 5. Modulation of IL-17A and IL-21 production by CD4C CD45RAneg T cells detected in periphery during breast tumor progression. The capacity of CD4C CD45RAneg

T cells to produce IL-17A or IL-21 was assessed in WB after short-term polyclonal stimulation (P/I) in presence of brefeldin A on cohorts of patients with breast cancers at
different stage of disease (PT (n D 46), FR (n D 34), SR (n D 20)) and compared to a HD cohort (n D 31) Results are presented as percentage of CD4C CD45RAneg T cells
producing IL-17A (A) or IL-21 (B) or co-producing IL-21 and TNFa, IL-21 and IFNg or IL-21 and IL-2 (C). � p value< 0.05, ��: p value < 0.01.

Figure 6. Characterization of gd T cell functional alterations in periphery during breast tumor progression. The capacity of gd T cells to produce IFNg and TNFa was
assessed in WB after short-term polyclonal stimulation (P/I) in presence of brefeldin A in cohorts of patients with breast cancer at different stages of disease (PT (n D 46),
FR (nD 34), SR (n D 20)) and compared to a HD cohort (n D 31) and results are presented as percentage of gd T cells producing IFNg or TNFa. ��:p value< 0.01.
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peripheral immune cell alterations observed in the different BC
cohorts (data not shown). Reaching the median clinical follow-
up will allow us to assess the clinical impact of these innate and
adaptive immune alterations on time to progression and overall
survival.

Discussion

In this study, we developed a new WB flow cytometry assay to
address the alteration of major innate immune cell subsets
(monocytes and DC subsets together with NK cells) during BC
progression. R848 was selected for its ability to favor cytokine
production by all innate immune subsets whereas IFNa-2b that
stimulates another pathway was selected to characterize com-
plementary alterations. When combined with WB P/I activa-
tion to assess T cell subset functional alterations, this WB
innate immunity assay allowed us to identify functional
immune cell alteration during BC progression, including at the
stage of localized PT.

WB and PBMC assay comparisons demonstrate the
importance of cellular cross talk to favor innate immune
cell cytokine production

Over the past 10 years, flow cytometry has allowed the func-
tional evaluation of innate immune cells (DC, monocytes or
NK cells) in WB or PBMC assays. However, no study to date
has reported the simultaneous functional analysis of all DC and
monocytes subsets together with NK cells. Herein, we show
that TLR7/8 ligation induced full activation of the different DC
subsets that may depend on additional indirect cytokine medi-
ated effects in WB. Of importance, this response is strongly
decreased when freshly isolated PBMC are used, possibly due
to the elimination of populations that can respond to TLR7/8
ligand (polynuclear cells, platelets) but also soluble mediators
in plasma. Moreover, among the TLR ligands tested (Fig. 2A
and Fig. S2), R848 is the most efficient to trigger IL-12p40 in
BDCA-3C DC and IFNa production in pDC. Importantly,
IFNg production by NK cells in response to R848 in WB assay
in HD donors required a 1-h delayed addition of inhibitor of
secretion following activators (not shown), demonstrating the
need for cell cooperation via secreted mediators. This is in line
with previous data demonstrating that within PBMC, NK cells
secrete IFNg in response to R848 through indirect pathways
involving IL-18 and IL-12 secretion 44,45 but not IFNa.30,49

BDCA-3C DC subset are responsive to CPG-B stimulation in
WB assay despite their lack of TLR9

We also observed IL-12p40 and TNFa production by BDCA-
3C DC under activation with CpG-B, but not CpG-A (Fig. S2),
confirming a previous report. 37 Indeed, whereas BDCA-3C DC
are known to express TLR3 and TLR4 leading to the produc-
tion of IL-12p40 and TNFa 24,25,50 their response to CpG-B is
surprising as, in contrast to pDC, TLR9 expression has not
been reported on BDCA-3C subset. 25,37 This may rely on indi-
rect effects resulting from cytokine cascade after the activation
of B lymphocytes, pDC or neutrophils expressing high TLR9

levels 51,52 as this CpG-B response is lost on purified BDCA-3C

DC (data not shown).

IL-12p40 production by monocytes and DC subsets in BC
patients

Monitoring independent cohorts of BC patients at different
stages of progression compared to an HD cohort, we observed
no statistical differences in cytokine production capacity
(TNFa, IL-12p40, IFNa) by DC subsets (BDCA-1C DC,
BDCA-3C, pDC) under R848 activation. This contrasts with a
previous report 27 demonstrating in BC patients with PT in
such WB assay, an alteration of IL-12p40 secretion capacity by
DC subsets after LPS stimulation that was associated with
reduced capacity of cells to be phenotypically activated. In our
hands, LPS stimulation induced only low IL-12p40 production
compared to R848 (Fig. S2).

In contrast, our results point out an increased IL-12p40 pro-
duction by monocyte subsets after R848 WB stimulation in BC
patients at FR stage that appeared significantly different from
HD. IL-12p40 could be associated with IL-23p19 to form a
functional IL-23 that favor IL-17A secretion by T cells.53 Of
interest, although not reaching statistical value, IL-17A cyto-
kine appears as the only T cell mediator being increased during
BC disease progression (Fig. 5A).

Altered TNFa secretion by CD14lowCD16C nc-monocytes
and BDCA-1C DC in response to IFNa-2b stimulation

When evaluating BC patient cohorts, we observed, at PT stage,
a decline in TNFa production by monocyte subsets as well as
by BDCA-1C DC subset under IFNa-2b stimulation whereas
no difference was detected after R848 or R848CIFNa-2b (data
not shown) stimulation. In this PT cohort, a subset of patients
presented a coordinated TNFa default in CD14CCD16C/¡ and
nc-monocyte subsets as well as BDCA-1C DC under IFNa-2b
stimulation (Fig. S4, Fig. S5A-C). However, this same subset of
patients showed a reduced capacity of pDC to produce TNFa
in response to R848 whereas IFNa levels remained unaffected
(Fig. S5D, Fig. S4). In contrast, TNFa produced by T cell sub-
sets after P/I reactivation was not affected (Fig. S6A) suggesting
this relates to an alteration of innate but not adaptive immunity
in this PT patient population, or to the signaling pathway lead-
ing to TNFa production. This may rely on regulatory mecha-
nisms of JAK-STAT pathways involved in IFNa response. 54

Finally, this default did not correlate with tumor characteristics
(SBR grade, size, hormone receptor expression).

In the PT cohort, innate immune cells of certain patients
produced lower level of TNFa in R848. Although this does not
significantly change the median, individual values correlate
with those observed in the IFNa-2b condition (Fig. S5D,
Fig. S4). Differences between the two activations might rely on
the capacity of IFNa-2b to activate only the JAK/STAT-1/IRF
pathway whereas R848 activates TLR7/8 and mobilizes many
downstream activation pathways (NFKB, MAP kinase, IRF)
that could counteract the reduced response to Type-1 IFN.
Moreover, the reduced response to IFNa-2b could also reflect a
reduced Type-1 IFNR expression in monocyte and BDCA-1C

subsets resulting from previous stimulation by other TLRL
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inducing desensitization.55 It could also rely on systemic altera-
tions of BC patients’ monocytes we recently reported to fail to
differentiate into functional MoDC 34 as well as M1 macro-
phages (Ramos RN in preparation). Such functional alteration
has previously been described for peripheral blood monocytes
from lung cancer patients that presented a default in TNFa
secretion capacity in response to LPS stimulation. 56 Such
TNFa alteration of innate immune cells (monocytes, pDC,
BDCA-1C DC) may influence tumor progression and relapse
but due to the reduced clinical follow-up (less than 3 years) for
this PT cohort, this could not be addressed.

An altered response of innate immune cells to IFNa-2b
might underscore a reduced capacity to mount an efficient anti-
tumor immune response as Type-1 IFN participates in the
cross talk between pDC and mDC or nc-monocytes to favor
antigen-specific antitumor immune response. 57

Functional alterations of NK cells in BC cohorts

Our functional WB “innate immunity” assay was designed
to assess NK cell functionality and the crosstalk between
NK and DC. The analysis of both primary and metastatic
BC patient cohorts demonstrated a significant drop in the
IFNg secretion capacity of NK cells observed with both
R848 and IFNa-2b signals either at PT or metastatic stages
(FR and SR stages) that was partly restored in SR cohort.
This is in accordance with a previous report demonstrating
a reduced capacity of blood NK cells to secrete
IFNg following purification and co-culture with K562 tar-
get cells among primary and metastatic BC patients, which
is restored upon remission. 32 IFNg secretion by NK cells
within PBMC in response to R848 requires crosstalk with
monocyte and DC subsets through IL-18 and IL-12. 44,45

This suggests an alteration of crosstalk between NK and
DC or monocytes that could influence the capacity of
patients to mount an antitumor immune response. Specifi-
cally as NK/DC crosstalk, through IFNg and TNFa, play
important role in the cross-presentation process. 23 How-
ever, from our analysis, monocyte and DC subsets retain
their capacity to produce TNFa, IFNa and IL-12p40 in
response to R848, pointing to other defects. This might
include lower production of IL-18, as well as other IL-1
members, but IL-12p70 cannot be excluded. This NK defect
might also relate to an intrinsic NK defect.

Functional alterations of T cell subsets in BC cohorts

Regardless of the stage of BC patients analyzed, we did not
observe any alteration of TNFa production by T cell subsets. In
contrast, compared to either HD or PT cohorts, gd T cells pro-
duced significantly less IFNg at metastatic stages, being signifi-
cant only at the FR stage. In line with this, Gaafar et al. 48

previously reported the absence of gd T cell functional altera-
tions at primary BC stage but they did not evaluate metastatic
patients. For CD4C and CD8C T cell subsets, we detected
important alterations of IL-2 and IFNg production that
affected mainly memory subsets at primary and metastatic
stages, although only significant at the metastatic stage. Impor-
tantly, the evaluation of IL-2 and IFNg co-production by

CD4C and CD8C memory T cell subsets identified an alter-
ation, not detectable with each cytokine alone, in a subset of
patients at PT stage, although not statistically significant in the
global cohort. Furthermore, analysis of IL-2 and IFNg co-pro-
duction strengthened the alteration observed at metastatic
stage. This demonstrates that the evaluation of each cytokine,
but also their combination, is important to better assess
patient’s immune status. However, these alterations do not cor-
relate with innate immune alterations (Fig. S4B) demonstrating
that analyses of both innate and adaptive immune function in
blood samples from BC patients at different stages of the dis-
ease are complementary.

Several publications report defects in IFNg and IL-2 secre-
tion, but not TNFa by CD4C and CD8C blood T cells in
patients with primary and metastatic breast or lung cancer or
melanoma. 28,58 However, the reasons of these selective altera-
tions remain unclear. TNFa secretion favors T cell proliferation
and survival 59,60 whereas IL-2 and IFNg secretion reflect the T
cell activation status (CD4C and CD8C) toward a Th1 immune
response.

Interestingly within the different BC cohorts, patients with a
reduced IFNg or TNFa production by CD45RAneg but not
CD45RAC T cells (CD4C or CD8C) or global reduced IL-2 T
cell capacity also showed reduced IL-21 secretion by CD4C

memory T cells suggesting a coordinated alteration of the T cell
response (Fig. S7, Fig. S4). Moreover, a reduction of IL-21 pro-
duction by CD4C memory T cells could affect humoral
response,61 CTL activity 62 or NK cell cytotoxic function 63 thus
altering antitumor response. In line with this, analyzing copro-
duction of IL-21 and IFNg, TNFa or IL-2 allowed us to high-
light decreased functionality of T cells at the PT stage that
further drops at the FR stage. This reinforces the importance of
combined T cell subsets cytokine analysis to better evaluate
dysfunctions in patients. While none of the T cell subsets Th1
and CD8C functional alterations observed correlated to
patient’s clinical characteristics, it might influence antitumor
immune response and time to relapse that will be followed in
these cohorts.

As all patients were enrolled before any chemotherapy (for
PT) or at distance of any treatment for metastatic stages (FR
and SR), we can state that this altered IFNg, IL-2 and IL-21
secretion represents intrinsic characteristics of patient immune
status or tumor immuno-suppressive context (Treg, suppres-
sive cytokines) rather than a consequence of chemotherapy.
Moreover, we did not find any correlation between percentages
of IFNgC or IL-2C producing cells and T lymphocyte absolute
counts (data not shown).

In conclusion, using flow cytometry WB assays, we
highlighted alterations on innate and adaptive immune cells
that are detectable as early as diagnosis of PT. PT stage is
associated with a strong and coordinated alteration of TNFa
production by BDCA-1C DC and monocyte subsets in
response to IFN-a2b stimulation and a drop in NK cell
capacity to produce IFNg in response to either IFN-a2b or
R848 when no defect in immune cell numbers can be
detected. In particular, as shown in Fig. S8, both TNFa pro-
duction and monocyte numbers are highly dispersed in par-
ticular in the PT cohort, and no significant correlation
between TNFa frequency and absolute cell count can be
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detected for any monocyte subsets. It could reflect the critical
importance of innate immune subsets alteration by tumor
early in the tumor development to escape the immune con-
trol. This functional NK cell alteration is also detected at FR
stage. Moreover, coordinated cytokine alterations are
detected in T cell subpopulations after polyclonal stimulation
from the stage of PTs and are amplified at FR stage. These
results reinforce the importance of combined analyses of
innate and adaptive immunity to better evaluate dysfunc-
tions in BC patients.

The defects observed are highly heterogeneous within a
given stage cohort, and whether the defects could be linked to
tumor progression or response to treatment will need further
investigation.

Materials and methods

Subjects

Heparinized blood samples obtained anonymously from
the French national blood transfusion service (Etablisse-
ment Français du Sang, Lyon, France) were collected from
31 healthy women (median age 51 years, range 34 to
63 years). BC patient blood samples, collected before new
line of treatment, were obtained from different prospec-
tive clinical trials developed at the Center L�eon B�erard
after written informed consent: 46 patients at the diagno-
sis of PT who will undergo neo-adjuvant chemotherapy
(median age 45 years, [27–69]), 34 patients at the diagno-
sis of FR before the initiation of chemotherapy treatment
(median age 54 years, [32–77]) and 20 patients at the
diagnosis of SR (median age 60 years [39–76]). The clini-
cal characteristics of these cohorts are described in
Table 1.

Activating reagents

Origin and concentrations of TLR ligands and IFNa-2b are
shown in Table 2. PMA (50ng/mL) and ionomycin (1mg/mL)
were obtained from Sigma Aldrich.

Whole blood and PBMC stimulation

Within 3 h after blood collection, 900 mL of heparinized WB
were incubated at 37�C in a 5% CO2 humidified atmosphere
for 5 h, with or without various activators as indicated in
Table 2. The protein transport inhibitor, brefeldin A (Golgi-
Plug, 10 mg/mL, BD biosciences), was added concomitantly
with P/I combination or after 1 h for IFNa¡2b or TLR stimula-
tion as previously described 41 (Table 2).

Table 2. Panel of activators used to develop the whole blood assays.

Target Activator Final concentration Source

T cell polyclonal activation PMA 50 ng/mL Sigma Aldrich
Ionomycin 1 mg/mL

TLR1/2 LTA (B Subtilis) 100 mg/mL Invivogen
TLR2 Zymosan 100 mg/mL Molecular Probe
TLR2/6 PGN (S. Aureus) 100 mg/mL Sigma Aldrich
TLR3 and RLR Poly(I:C) HMW 100 mg/mL Invivogen
TLR4 Ultrapure LPS (E Coli 0111:B4 strain) 1 mg/mL
TLR7/8 Imiquimod (R837) 100 mg/mL

Resiquimod (R848) 10 mg/mL
CL075 10 mg/mL

TLR9 CpG-A (ODN 2336) 50 mg/mL
CpG-B (ODN 2006) 50 mg/mL

TLR7 and Helicases Inactivated Influenza M1 virus 1000 HAU/mL Sanofi-Pasteur
Type-I IFN IFNa-2b 1000 IU/mL Roferon®

Table 3. Staining panels used for flow cytometry analyses.

Marker Fluorochrome Clone Manufacturer

A : Panel used for T cell functionality assay
Violet laser

IFNg Brilliant violet 421TM 4S.B3 Biolegend
CD14 BD HorizonTM V500 M5E2 BD Biosciences
CD15 BD HorizonTM V500 HI98 BD Biosciences
CD19 BD HorizonTM V500 HIB19 BD Biosciences
CD8C Brilliant violet 570TM RPA-T8 Biolegend

Blue laser
TCRg9 FITC B3 BD Biosciences
IL-17A PerCP-Cy5.5 N49-653 BD Biosciences

Yellow laser
CD4 PE SK3 BD Biosciences
CD45RA ECD 2H4LDH11LDB9 Beckman Coulter
IL-2 PE-Cy7 MQ1-17H12 BD Biosciences

Red laser
IL-21 Alexa 647 3A3-N2.1 BD Biosciences
TNFa Alexa 700 MAb11 BD Biosciences
CD3 APC-H7 SK7 BD Biosciences

B: Panel used for “Innate Immunity” assay
Violet laser

IFNg Brilliant violet 421TM 4S.B3 Biolegend
CD3 BD HorizonTM V500 UCHT1 BD Biosciences
CD14 BD HorizonTM V500 M5E2 BD Biosciences
CD15 BD HorizonTM V500 HI98 BD Biosciences
CD19 BD HorizonTM V500 HIB19 BD Biosciences
CD56 Brilliant violet 570TM HCD56 Biolegend

Blue laser
IFNa FITC LT27:295 Miltenyi Biotec
CD11c PerCP-Cy5.5 Bu15 Biolegend

Yellow laser
IL12p40/70 PE C11.5 BD Biosciences
CD16 ECD 3G8 Beckman Coulter
CD1c PE-Cy7 L161 Biolegend

Red laser
BDCA-2 APC AC144 Miltenyi Biotec
BDCA-3 AD5-14H12 Miltenyi Biotec
TNFa Alexa 700 MAb11 BD Biosciences
HLA-DR APC-H7 G46-6 BD Biosciences
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PBMC were isolated by Ficoll density gradient centrifu-
gation (Eurobio) and were resuspended at 5 £ 106 cells/
900 mL in complete RPMI. WB and PBMC stimulation by
R848 (10 mg/mL) were performed in parallel, as described
above.

Intra-cytoplasmic cytokine staining and multi-parametric
flow cytometry

At the end of the 5-h stimulation, erythrocytes were lysed at
room temperature with BD Pharmlyse® (Becton Dickinson).
White blood cells were washed in staining buffer (PBS 2% FBS
1mM EDTA (Sigma-Aldrich)) and stained with the corre-
sponding surface antibodies panel shown in Table 3A for T
cells and Table 3B for “innate immune cell” activation. After
washing in PBS, cells were fixed with Formaldehyde (2%,
Sigma-Aldrich) for 20 min at 4�C, then washed twice in stain-
ing buffer and stored overnight at 4�C. After permeabilization
in staining buffer supplemented with 0.5% saponine, cells were
stained for 20 min at 4�C with the corresponding intra-cyto-
plasmic anti-cytokine antibodies (Table 3). Cells were resus-
pended in 600 mL of staining buffer and all events acquired on
a LSRII Fortessa, Becton Dickinson fitted with four lasers (vio-
let, blue, yellow and red).

Results were analyzed using the FlowJo software v9.6.4
(TreeStar, Inc.), and cytokine secretion by different cell subsets
defined by the gating strategy was evaluated by creation of
Boolean gates.

Statistical analysis

The statistical differences between the different cohorts (HD,
PT, FR and SR) were assessed using a one-way ANOVA
parametric analysis with a Tukey’s correction for multiple com-
parisons, or using a Kruskal–Wallis non parametric analysis
with a Dunn’s multiple comparisons test. Results were consid-
ered as statistically significant when p value was < 0.05 (�: p
value < 0.05; ��: p value < 0.01; ���: p value < 0.001).

Correlations between different cytokines within “innate
immune” and “T cell” subsets were performed using Spearman
tests and results were presented using the rho correlation coeffi-
cient and the associated p value.
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