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Abstract 

Background and aims  Monocytes and dendritic cells (DC) are both key inflammatory cells, with recognized effects 
on cardiac repair. However, there are distinct subsets of monocytes with potential for beneficial or detrimental effects 
on heart failure (HF) pathogenesis. The connection between reverse cardiac remodelling, the potential anti-inflam-
matory effect of cardiac resynchronization therapy (CRT) and monocytes and DC homeostasis in HF is far from being 
understood. We hypothesized that monocytes and DC play an important role in cardiac reverse remodelling and CRT 
response. Therefore, we aimed to assess the potential role of baseline peripheral levels of blood monocytes and DC 
subsets and their phenotypic and functional activity for CRT response, in HF patients. As a secondary objective, 
we aimed to evaluate the impact of CRT on peripheral blood monocytes and DC subsets, by comparing baseline 
and post CRT circulating levels and phenotypic and functional activity.

Methods  Forty-one patients with advanced HF scheduled for CRT were included in this study. The quantification 
and phenotypic determination of classical (cMo), intermediate (iMo) and non-classical monocytes (ncMo), as well 
as of myeloid (mDC) and plasmacytoid DC (pDC) were performed by flow cytometry in a FACSCanto™II (BD) flow 
cytometer. The functional characterization of total monocytes and mDC was performed by flow cytometry in a FACS-
Calibur flow cytometer, after in vitro stimulation with lipopolysaccharide from Escherichia coli plus interferon (IFN)-γ, 
in the presence of Brefeldina A.

Comparisons between the control and the patient group, and between responders and non-responders to CRT were 
performed.

Results  Compared to the control group, HF population presented a significantly lower frequency of pDC at baseline 
and a higher proportion of monocytes and mDC producing IL-6 and IL-1β, both before and 6-months after CRT (T6). 
There was a remarkable decrease of cMo and an increase of iMo after CRT, only in responders. The responder group 
also presented higher ncMo values at T6 compared to the non-responder group. Both responders and non-respond-
ers presented a decrease in the expression of CD86 in all monocyte and DC populations after CRT. Moreover, in non-
responders, the increased frequency of IL-6-producing DC persisted after CRT.
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Conclusion  Our study provides new knowledge about the possible contribution of pDC and monocytes subsets 
to cardiac reverse remodelling and response to CRT. Additionally, CRT is associated with a reduction on CD86 expres-
sion by monocytes and DC subsets and in their potential to produce pro-inflammatory cytokines, contributing, 
at least in part, for the well described anti-inflammatory effects of CRT in HF patients.

Keywords  Chronic heart failure, Cardiac resynchronization therapy, Immune response, Monocytes, Dendritic cells, 
CD86

Introduction
Chronic heart failure (HF) is a complex and systemic 
disease [1, 2] characterized by an anomalous structure 
and function of the heart, resulting in a ventricular fill-
ing and/or systolic function impairment [1–4]. Immu-
nological process and inflammation are considered 
important factors in pathophysiology of heart failure 
[1, 5, 6], portending a worse functional capacity and a 
poor prognosis [1, 7].

Cardiac resynchronization therapy (CRT) is a key 
guideline-recommended treatment for patients with 
drug-refractory HF, reduced left ventricle ejection frac-
tion (LVEF) and left bundle branch block [8, 9]. Several 
definitions of CRT response have been used in the litera-
ture. Improvement in cardiac function, mainly based on 
echocardiography demonstration of reverse remodelling, 
is one of the most widely used definitions. A reduction 
in left ventricular end-systolic volume (LVESV) greater 
than or equal to 15% is the most accepted echocardio-
graphic CRT response criterion, given the correlation 
with clinical outcomes [10]. The beneficial effects of 
CRT in responders include reverse cardiac remodelling 
(reduced left ventricular volumes and increased LVEF), 
improvement of New York Heart Association (NYHA)-
based functional status, symptoms and quality of life, 
reduction of brain natriuretic peptide (BNP), improve-
ment in the six-minute walk test (6MWT), and reduction 
of mortality and HF hospitalization [11, 12]. In fact, CRT 
can improve clinical outcomes even in high-risk patients, 
such as those with type 2 diabetes mellitus [13], when 
added to the beneficial effects caused by antidiabetic 
therapies with pleiotropic effects on inflammation and 
HF [14]. Additionally, the reverse remodelling induced by 
CRT is related to alterations in the expression of genes 
and microRNAs (miRs), which regulate cardiac processes 
involved in cardiac apoptosis, fibrosis, hypertrophy, and 
angiogenesis, and membrane channelling ionic currents 
[12, 15].

Previous reports also describe a beneficial effect of 
CRT on inflammation [16–18], however the relation-
ship between the outcome of CRT-treated patients, 
cardiac remodelling and immune system response, is 
not clearly understood. Monocytes and dendritic cells 

(DC) are pivotal cells in innate and adaptative immune 
response [19, 20]. While monocytes play a crucial role 
in host defence, immune regulation, inflammation 
and tissue repair [5, 19, 21, 22], DC orchestrate T cells 
response and maintain immune tolerance through dif-
ferent antigens presentation [23, 24]. In fact, there are 
three different subsets of monocytes – the classical 
monocytes (cMo) (CD14 +  + /CD16–) which represent 
about 90% of the total, and two minor CD16 + sub-
sets: the intermediate monocytes (iMo) which express 
higher levels of CD14 with a lower expression of CD16 
(CD14 +  + / CD16 +); and non-classical monocytes 
(ncMo) that express lower levels of CD14 coupled with 
high expression of CD16 (CD14 + /CD16 + +) [19, 25, 
26], each one with distinct phenotypes and functions 
[25, 26]. Monocytes seem to be linked to the genesis 
and development of various cardiovascular events [6, 
19, 27]. However, they can also be beneficial, through 
the production of interleukin (IL)-10, stimulation 
of angiogenesis and tissue repair [25]. Concerning 
DC, they can be divided in two major subpopulations 
according to their haematopoietic origin: myeloid den-
dritic cells (mDC) and plasmacytoid dendritic cells 
(pDC) [23, 24, 28]. The role of these antigen presenting 
cells in HF is not well elucidated [20]. Several human 
and animal studies in viral and autoimmune myocar-
ditis, myocardial infarction (MI) and dilated cardio-
myopathy have described DC as both key inflammatory 
cells and immunoprotective regulatory cells [20, 24, 
28–32].

Given the role of monocytes and DC in tissue repair 
[33, 34], their contribution in the reverse cardiac 
remodelling process is conceivable. We hypothesized 
that monocytes and DC play an important role in car-
diac reverse remodelling and CRT response. There-
fore, we aimed to assess the potential role of baseline 
peripheral levels of blood monocytes and DC subsets 
and their phenotypic and functional activity for CRT 
response, in HF patients. As a secondary objective, 
we aimed to evaluate the impact of CRT on peripheral 
blood monocytes and DC subsets, by quantifying and 
functionally characterizing cMo, iMo, ncMo, mDC and 
pDC and comparing the baseline with post CRT results.
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Methods
Patient population
This is a prospective study enrolling forty-one con-
secutive patients with advanced HF, undergoing CRT. 
Implantation of CRT occurred in the tertiary Cardiology 
Department, Coimbra University Hospital Centre.

Inclusion criteria were defined according to the 
guideline´s criteria for CRT. Therefore, we restricted 
patients to those with a class I recommendation for CRT: 
belonging to class II or III or IV NYHA class; presenting 
a LVEF ≤ 35%; a QRS ≥ 120 ms with left bundle branch 
block morphology; and normal sinus rhythm.

The exclusion criteria combined several conditions 
that could influence or interfere with the inflammatory 
immune response and bias the results, such as: clinical or 
biochemical manifestation of concomitant inflammatory 
disease; regular use of nonsteroidal anti-inflammatory 
drugs or anticoagulants; active infections; known auto-
immune or malignant diseases; severe valvular disease 
or congenital heart disease; cardiogenic shock; continu-
ously or intermittently intravenous inotropic therapy; 
pregnancy; deep vein thrombosis or pulmonary embo-
lism; severe peripheral arterial occlusive disease; severe 
and non-controlled arterial hypertension (systolic blood 
pressure > 180 mmHg or diastolic > 110 mmHg); comor-
bidities associated with a life expectancy less than 1 
year; recent trauma or surgery (< 1 month); recent major 
bleeding (< 6 months) requiring blood transfusion; renal 
insufficiency (creatinine > 2.0 mg/dl); anaemia (haemo-
globin < 8.5 g/dl) or thrombocytopenia (< 100000/L); 
atrial fibrillation; prior arterial coronary bypass surgery; 
acute coronary syndrome, or percutaneous coronary 
intervention within three months; previously implanted 
CRT system; and excessive alcohol consumption or illicit 
drug abuse [18].

The selection of patients was performed at baseline 
before the implantation of TRC (T0), with the clinical 
evaluation and echocardiographic assessment.

At the time of inclusion, all patients were under stable, 
optimal pharmacological therapy for chronic HF [35, 36].

After six months of follow-up (T6), patients were re-
evaluated to assess clinical profile, haematological and 
chemistry parameters, echocardiographic and inflamma-
tory biomarker changes.

Echocardiographic evaluation
Standard echocardiography was performed at T0 and 
T6, using a Vivid 7 (GE Healthcare, Oslo, Norway) 
and 1.7/3.4-MHz tissue harmonic transducer. Loops 
and three cardiac cycles were stored digitally and ana-
lysed offline using a customized software package 
(EchoPAC, GE Healthcare). Left ventricular end-diastolic 

volume (LVEDV), LVESV and LVEF were calculated by 
the biplane Simpson’s equation in apical four-chamber 
and two-chamber views [37, 38].

Definition of response to CRT​
The echocardiographic evaluation performed at 
6 months follow-up was used to classify the response to 
CRT. Patients who were still alive and showed at least a 
15% reduction in LVESV at 6-month follow-up compared 
to baseline were considered responders to CRT.

Healthy control group
The healthy control group (HG) was composed of 11 
active healthy volunteers who apparently did not present 
comorbidities. Inclusion criteria were established consid-
ering available and recent analytical results and cardiac 
exams: history of normal lipid profile and history normal 
cardiac evaluation. Exclusion criteria were family history 
of heart disease and/or cardiomyopathy; active infec-
tions, inflammatory processes; autoimmune, neoplastic, 
and allergic diseases; consumption of any drugs or medi-
cations that could alter the immune system homeosta-
sis; consumption of alcohol; and inability to understand 
informed consent.

Blood samples
Just before implantation of the device, peripheral blood 
samples were collected in HF patients to determine 
haematological parameters and for chemistry assess-
ment (including high sensitivity C-reactive protein 
(hsCRP),BNP and uric acid). In addition, venous samples 
were taken from patients to analyse inflammatory param-
eters at T0 and T6.

The same analysis of inflammatory parameters was 
performed in the HG.

Quantification and immunophenotypic characterization 
of circulating dendritic cells and monocyte subsets
Quantification and immunophenotypic characterization 
of circulating DC and monocytes subsets was assessed 
using eight-colour combinations of mouse anti-human 
antibodies: CD11c-allophycocyanin (APC); CD33-peri-
dinin chlorophyll protein (PerCP); CD86-fluorescein 
isothiocyanate (FITC); CD123-Phycoerythrin (PE); 
HLA-DR-PE-Cyanine7 (PE-Cy7); CD14 APC-H7; CD16-
Pacific Blue (PB) and CD45-Pacific Orange (PO), detailed 
in Supplementary Table 1.

Briefly, monoclonal antibodies were added to 100 μl 
of peripheral blood (collected in K3-EDTA) and incu-
bated for 15 min in darkness, at room temperature. Red 
cell lysis and wash procedures were performed and the 
remaining cell pellet was resuspended in 0.5 ml of phos-
phate-buffered saline (PBS) (Gibco, Paisley, Scotland).
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Flow cytometry data acquisition and analysis
Data acquisition was performed in a FACSCanto™II (BD) 
flow cytometer equipped with FACSDiva software (ver-
sion 6.1.2: BD). Samples were acquired with established 
standardized instrument settings recommended by the 
Euroflow consortium [39]. Data acquisition was per-
formed in two consecutive steps: in the first step, a total 
of 1 × 105 events, corresponding to all nucleated cells in 
the sample, were acquired and results were stored; in 
the second step, information was stored exclusively for 
those cells included in a live gate containing HLA-DR+ 
events, with a minimum of 1 × 105 events. Absolute 
counts were calculated using a dual platform methodol-
ogy (flow cytometry and haematological cell analyser). 
Results illustrate the percentage of positive cells within 
each subset.

The DC subsets were identified according to the 
following phenotypes: mDC as HLA-DR+brightCD
33+brightCD14−CD123+CD11c+ and pDC as HLA-
DR+CD123+brightCD33−CD16−CD14−  [40–42]. The 
monocytes were identified based on their characteristic 

FSC/SSC light dispersion properties, strong positivity for 
CD33, high CD45 expression and CD14 and/or CD16 
expression without resorting to the expression of HLA-
DR. The cMo were identified as CD33+++CD14+CD16−, 
iMo as CD14+CD16+ and ncMo as CD14±CD16+ [22, 41, 
43]. The strategy used for the identification and charac-
terization of DC and monocyte subsets is represented in 
Fig.  1. The mean fluorescence intensity (MFI) of CD86 
was determined in mDC and monocyte subsets and the 
percentage of CD86+ cells, as well as the MFI, in pDC.

Functional characterization of myeloid dendritic cells 
and monocytes
In vitro stimulation to evaluate of cytokine production by 
DC and monocytes was performed as described by Paiva 
A. et al. [44, 45]. Briefly, a total of 500 μl of each PB sam-
ple was diluted l/l (vol/vol), in duplicate, in RPMI-1640 
medium (Gibco; Paisley, Scotland, UK), supplemented 
with 2 mM L-glutamine and incubated at 37 °C in a ster-
ile environment with a 5% CO2 humid atmosphere for 6 
h, in the presence of 10 lg/ml of Brefeldin A (Sigma, St. 

Fig. 1  Representative dot plots illustrating the identification of plasmacytoid dendritic cells (pDC) (in pink – based on the bright expression 
of CD123 and HLA-DR), myeloid dendritic cells (mDC) (in blue – based on the bright expression of CD33 and HLA-DR), classical monocytes (cMo) 
(in yellow – based on the positive expression of CD14 and negative expression of CD16), intermediate monocyte (iMo) (in light pink—based 
on the positive expression of both CD14 and CD16), and non-classical monocytes (ncMo) (in green – based on the positive expression of CD16 
and dim/negative expression of CD14) in peripheral blood samples, using a combination of eight-colour mouse anti-human antibodies
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Louis, MO). In addition, 100 ng/ml of lipopolysaccharide 
(LPS) from Escherichia coli (serotype 055:B5 (Sigma)) 
plus 100 U/ml of interferon (IFN)-γ; Promega, Madison, 
WI) were added to one of the tubes (stimulated samples). 
The other tube only with Brefeldin A was used to evalu-
ate the basal cytokine production by the different sub-
populations of monocytes and dendritic cells.

Immunofluorescent staining
After incubation period, both stimulated and unstimu-
lated samples were aliquoted in different tubes (200 μl/
tube) in order to analyse the expression of each cytokine 
by monocytes and DC. Dendritic Cell Exclusion Kit-
FITC combined with anti-HLA-DR-PerCP and anti-
CD33-APC was added to each tube, to identify DC. After 
gentle mixing, cells were sequentially incubated for 15 
min at room temperature, in darkness and washed once 
in with 2 ml of PBS, (5 min at 540 × g). After discarding 
the supernatant, cells were fixed and permeabilized with 
FIX&PERM (Caltag, Hamburg, Germany) according to 
manufacturer’s instructions and stained with PE-conju-
gated mAb directed against different human intracyto-
plasmic cytokines: anti-TNF-α, anti-IL-6 and anti-IL-1β 
(monoclonal reagents are detailed in Supplementary 
Table 1). Each anti-cytokine mAb reagent was placed in 
a separate tube containing either, the stimulated or the 
unstimulated samples. The tubes were incubated for 15 
min at room temperature in darkness. Then, cells were 
washed and resuspended in 0.5 ml of PBS until they were 
analysed in a flow cytometer.

Flow cytometry data acquisition and analysis
The data acquisition was performed in two consecutive 
steps in a FACSCalibur flow cytometer (BD, San Jose, 
USA) equipped with an argon ion laser and a red diode 
laser. A first acquisition of 2 × 104 events, (correspond-
ing to all nucleated cells present in the sample) was 
performed, followed by an acquisition on an electronic 
HLA-DR gate. Data were analysed using the Infinicyt™ 
software, V.1.5 (Cytognos SL, Salamanca, Spain) and 
absolute counts were determined using two different 
instrumentation platforms (flow cytometer and haemato-
logical cell analyser).

Statistical analysis
Statistical analysis was performed using R Core Team 
(2017). (R: A language and environment for statisti-
cal computing. R Foundation for Statistical Computing, 
Vienna, Austria. URL http://​www.R-​proje​ct.​org/), (ver-
sion 3.4.1). A non-parametric Mann–Whitney U test was 
used to compare quantitative independent variables. The 
Wilcoxon signed-rank test was used to compare T0 vs 
T6 [46]. Results were expressed as median (range). The 

values used to establish the effect size were 0.20; small, 
0.60; moderate, 1.20; large and 2.00; very large [47]. Dif-
ferences were considered to be statistically significant 
when p value was < 0.05.

To calculate the sample size, the software G*Power 3.1 
was used [48]. Prior analysis was performed determining 
that 35 subjects would be needed for the study (effect size 
dz:0.7, α error probability:0.05, power:0.80). Addition-
ally, six elements were added to the sample as a matter of 
convenience.

Results
Baseline characteristics
Twenty-eight patients were male and thirteen were 
female, with ages ranging from 34 to 83 years (mean 
61.4 ± 10.4). Regarding chronic medication before CRT, 
72.2% of the patients were under angiotensin-converting 
enzyme (ACE) inhibitors, 19.4% under angiotensin type 
1-receptor  blockers (ARB), 94.4% under beta-blockers, 
66.7% under spironolactone, 97.2% under furosemide, 
27.8% under digoxin, 50% under statins, and 13.9% under 
ivabradine. The rate of diabetic patients was 14.6%.

The HG consisted of eight males and three females 
with a mean age of 43.4 ± 10.8 years. The average BMI of 
the HG was 22.8 ± 1.3, and the lipid profile values were 
184.3 ± 16.1  mg/dL for cholesterol; 64 ± 8.6  mg/dL for 
HDL cholesterol; 96.5 ± 11.4  mg/dL for LDL cholesterol 
and 119.1 ± 24.0 mg/dL for triglycerides.

Clinical evolution of responders and non‑responders 
to CRT​
The clinical characterization of the HF population is 
detailed in Supplementary Table  2. Most HF patients 
were in class III according to NYHA classification and 
mean LVEF was 24.9 ± 6.9%. Through echocardio-
graphic definition, the proportion of responders to CRT 
was 54%. No patient died or was transplanted in the 
6-month follow-up period. After CRT, responders pre-
sented significantly lower BNP levels compared to non-
responders to CRT.

Comparison between heart failure patients and healthy 
group
Frequency of monocytes and dendritic cells
The frequency of total monocytes and monocyte sub-
sets expressed by HF patients and the HG is presented 
in Table 1. Considering the frequency and absolute num-
ber of total monocytes, no significant differences were 
found between HG and HF patients in either moment 
of evaluation. Regarding monocyte subsets, HF patients 
presented a significantly lower frequency of cMo at fol-
low-up evaluation, compared to the HG (P = 0.006). No 
other differences were found between the overall HF 

http://www.R-project.org/
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patient population and the HG in monocytes subsets at 
either time of evaluation (cMo: 81.00% in the HG versus 
79.42% in HF patients (HFP)(T0), P = 0.275; iMo: 11.09% 
in the HG versus 10.81% in HFP(T0), P = 0.695 and ver-
sus 15.14% in HFP(T6), P = 0.065; ncMo: 8.55% in the 
HG versus 7.52% in HFP(T0), P = 0.747 and 11.35% in 
HFP(T6) P = 0.096).

Regarding total DC and their subsets (Table  1), HF 
patients presented a significantly lower baseline percent-
age of pDC compared to the HG (P = 0.023). No differ-
ences were found in mDC compartment.

CD86 expression by monocytes and dendritic cells 
subpopulations
In both HF and HG, all monocytes subpopulations and 
mDC expressed the co-stimulatory molecule CD86. 

Therefore, only the amount of CD86 per cell (MFI) was 
measured (Fig. 2a, b, c and d).

Since not all pDCs express CD86, the frequency of this 
cell population expressing CD86 is presented in Table 1 
and the MFI in Fig. 2e.

At T6, the overall HF population presented a signifi-
cantly lower MFI of CD86 on cMo (Fig.  2a) and mDC 
(Fig. 2d), compared with HG.

Considering the pDC subset, HF patients presented a 
significantly higher percentage of pDC expressing CD86 
compared with the HG, at 6-month follow-up (Table 1). 
However, in the same comparison, the amount of CD86 
per cell expressed by pDC was lower at follow-up (Fig. 2e) 
as reported for cMo and mDC.

Table 1   Comparative analysis of the overall monocytes and dendritic cells and their respectively subsets in healthy individuals and 
patient groups

Fig. 2  Amount of CD86 per cell (based on the mean fluorescence intensity value) expressed by classical monocytes (cMo) (a), intermediate 
monocyte (iMo) (b), and non-classical monocytes (ncMo) (c), myeloid dendritic cells (mDC) (d) and plasmacytoid dendritic cells (pDC) (e) in healthy 
individuals (HG) and heart failure patients (HFP), at baseline assessment (HFP-T0) and 6 months after cardiac resynchronization therapy implantation 
(HFP-T6). Heart failure patients were distributed: according to response to cardiac resynchronization therapy: responders (R) and non-responders 
(NR). Statistically significant differences were considered when p < 0.05

(See figure on next page.)
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Fig. 2  (See legend on previous page.)
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Functional characterization of monocytes and myeloid 
dendritic cells
After cell stimulation with LPS and IFN-γ, we only deter-
mined the frequency of total monocytes producing the 
cytokines under study, and not among each monocyte 
subpopulation. HF patients presented a higher propor-
tion of monocytes and mDC producing IL-6 and IL-1β 
both before and 6 months after CRT (Fig.  3b, c, e and 
f ), compared with HG. No significant differences were 
found regarding the frequency of TNF-α-producing 
monocytes (Fig. 3a) and mDC (Fig. 3d).

Impact of monocytes and dendritic cells subpopulations 
on CRT response
Frequency of monocytes and dendritic cells
When we divide patients according to CRT response, 
only responders showed significantly lower levels of 
cMo after CRT than HG (P = 0.004, Table 1). Moreover, 
responders to CRT, but not non-responders, presented 
a significant reduction of cMo levels from baseline to 
post-CRT evaluation. The responder group also showed 
a significantly higher percentage of ncMo at follow-up 
compared to the HG (P = 0.012, Table 1).

On the other hand, after CRT, non-responders main-
tained similar levels of cMo and ncMo by comparison 
with the HG (cMo: HG = 81.00% versus non-responders 
(T6) = 76.24%, P = 0.056 and ncMo: HG = 8.55% versus 
non-responders (T6) = 8.68%, P = 0.902). Concerning the 
frequency of iMo, no differences were observed in this 
comparison with HG.

In relation to DC subpopulations, the significantly 
lower percentage of pDC compared to the HG was only 
observed in the responder group (pDC: HG = 0.10% ver-
sus responders(T0) = 0.05%, P = 0.008; and absolute val-
ues pDC: HG = 9.12cell/µl versus responders(T0) = 4.67 
cell/µl, P = 0.033, Table 1). No differences were found in 
the mDC subset.

In the analysis between the two moments of evalu-
ation (T0 and T6), the overall HF population showed a 
significantly decrease in the percentage of cMo at follow-
up, and a significant increase in the frequency of iMo 
compared to baseline assessment (Table  1). Of note is 
that these significant differences were only observed in 

responders to CRT (Table  1); (cMo(non-responders): 
T0 = 77.50% versus T6 = 76.24%, P = 0.632; iMo(non-
responders): T0 = 12.61% versus T6 = 14.82%, P = 0.298).

Regarding the ncMo subset, no differences were 
observed in the overall HF population between T0 and 
T6. However, responders to CRT presented higher lev-
els of ncMo than non-responders at 6-month follow-
up (P = 0.044, Table  1). Here, it was observed that, at 
6-month follow-up, responders presented not only 
higher values of ncMo to the detriment of cMo, but also 
increased iMo frequency.

Considering DC, we only found one significant dif-
ference between baseline and follow-up evaluation: HF 
patients exhibited a higher frequency of pDC at follow-
up (P = 0.046, Table 1).

Expression of CD86 by monocytes and dendritic cells
As shown in Table  1, there was remarkably higher fre-
quency of CD86-expressing pDC after CRT in com-
parison with the HG, in both responders (P = 0.001) 
and non-responders (P = 0.005). However, as described 
previously, the MFI of CD86 decreased after CRT in 
HF patients compared with the HG, but only reach-
ing significance in responders (Fig.  2e) (pDC CD86 
MFI: HG = 306.08 versus non-responders(T6) = 272.77, 
P = 0.069).

Compared with HG, the amount of CD86 per cell in 
cMo was significantly lower after CRT especially in non-
responders (Fig. 2a) (cMo CD86 MFI: HG = 609.71 versus 
responders(T6) = 517.97, P = 0.113). In the mDC subset 
this decrease was seen in both response groups (Fig. 2d).

Comparing the baseline with follow-up (T0 versus T6) 
there was a significantly lower amount of CD86 per cell 
expressed in all monocytes and DC subpopulations after 
CRT. This pattern of decreased MFI of CD86 was seen 
independently of CRT response.

Considering the frequency of pDC expressing CD86, 
at 6-month follow-up the overall HF population pre-
sented a higher percentage of these cells compared to 
baseline assessment. However, this difference was mostly 
observed in non-responders (P = 0.021, Table 1).

(See figure on next page.)
Fig. 3  Functional characterization of peripheral monocytes (identified by their characteristic FSC/ SSC light dispersion properties and concomitant 
expression of CD14, CD33 and HLA-DR) and myeloid dendritic cells (mDC) (Identified by their characteristic FSC/ SSC light dispersion properties, 
positive expression of CD33 and HLA-DR, and negative expression of all other lineage markers – CD3, CD19, CD56, and CD14 present in the mixture 
of Dendritic Cell Exclusion Kit). The percentage of monocytes producing TNF-α (a), IL-6 (b) and IL-1β (c) and mDC producing TNF-α (d), IL-6 (e) 
and IL-1β (f) were evaluated in healthy individuals (HG) and heart failure patients (HFP) at baseline assessment (HFP-T0) and 6 months after cardiac 
resynchronization therapy implantation (HFP-T6). Heart failure patients were divided according to response to cardiac resynchronization therapy: 
responders (R) and non-responders (NR). Statistically significant differences were considered when p < 0.05
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Fig. 3  (See legend on previous page.)
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Functional characterization of monocytes and dendritic cells
No significant differences were found between HF 
patients and the HG, nor between responders and 
non-responders to CRT or between baseline and fol-
low-up (T0 versus T6) regarding the frequency of TNF-
α-producing monocytes (Fig. 3a).

In the initial evaluation and even after CRT, both 
responders and non-responders presented a higher pro-
portion of IL-6-producing monocytes, compared with 
the HG (Fig. 3b). Likewise, responders also showed sig-
nificantly more IL-1β-producing monocytes, at both 
times of evaluation, relative to the HG (Fig. 3c).

No significant differences were found regarding the 
frequency of IL6 and IL1β-producing monocytes, when 
comparing baseline with post-CRT (T0 versus T6) nor 
when comparing responders and non-responders (R ver-
sus NR) (Fig. 3b, 3c).

Regarding TNF-α-producing DC, we also found no sig-
nificant differences between responder or non-responder 
patients and the HG (Fig.  3d). However, both patient 
groups presented higher baseline levels of DC express-
ing IL-6 compared to the HG. Nonetheless, after CRT, 
this difference only persisted in the non-responder group 
(Fig. 3e).

In addition, the proportion of IL-1β-producing DC was 
significantly increased in patients compared to the HG at 
both T0 and T6 evaluation times. Responders and non-
responders presented a higher proportion of these cells 
compared to the HG. Curiously, the responder group 
showed a lower percentage of IL-1β producing DC at fol-
low-up compared to the baseline (Fig. 3f ).

Discussion
Monocytes and DC have been implicated in the patho-
genesis of HF as well as in its prognosis [19, 21, 28]. To 
the best of our knowledge, this is the first study to assess 
the potential role of DC subpopulations and mono-
cyte subsets on cardiac reverse remodelling and CRT 
response.

In the first comparison between the HG and the HF 
population, the main findings are the lower frequency of 
pDC in HF patients before CRT and the lower frequency 
of cMo at the 6-month follow-up. Previous studies on 
whole blood DC and monocyte counts in HF patients 
have shown dissimilar results [6, 23, 25, 28, 29, 49, 50]. 
Some studies describe an increase in mDC subpopula-
tion with unchanged levels of pDC [49] or compara-
ble levels of both DC between HF patients and controls 
[23]. Nonetheless, a recent study performed by Pistulli 
R et al. (2016), reports lower counts of circulating mDC 
in patients with advanced HF [29]. Furthermore, Baris-
ione C. et al. describe an increase in iMo and a decrease 
in ncMo subsets in HF patients compared to the control 

group [6] and in the latest study performed by Ptaszyn-
ska-Kopczynska K. et al. (2021) a decrease in circulating 
ncMo was only found in patients with advanced HF [25]. 
These distinct results may be due to the heterogeneity of 
the patient populations in these previous studies, linked 
to different inclusion and exclusion criteria, HF severity, 
HF aetiology and sample size. Of note is that our study 
has the advantage of enrolling a homogeneous popula-
tion with advanced HF and class I indication for CRT.

Regarding the expression of CD86, HF patients showed 
similar levels of the amount of CD86 per cell at baseline 
compared to the HG, which suggests that the expression 
of this co-stimulatory molecule by the antigen-presenting 
cells under study is unaffected in HF. However, after CRT, 
patients presented a lower amount of CD86 per cell on 
cMo and mDC, which indicates an immunomodulation 
of the expression of this important co-stimulatory mol-
ecule. At the same time, although the frequency of pDC 
expressing CD86 increases after CRT (which could indi-
cate that these cells may be peripherally activated, with 
a likely increased capacity to produce robust amounts of 
type I IFNs), the MFI of CD86 on pDC was also lower in 
patients than in healthy subjects. At this point, it appears 
that CRT can exert an impact on the amount of CD86 
expressed by monocytes and DC.

As expected, at baseline, HF patients showed a higher 
frequency of Mo and mDC producing IL-6 and IL-1β 
compared to the HG. These higher levels of pro-inflam-
matory cytokine-producing cells reflect the inflammatory 
state of HF. This difference persisted after CRT, suggest-
ing that biventricular pacing is not able to decrease the 
frequency of these cells to normal values. Considering 
that the various monocyte subsets produce TNF-α, IL-6, 
IL-1β and that these inflammatory cytokines are impor-
tant markers of active disease and HF prognosis [51], our 
study shows that CRT does not modulate the pro-inflam-
matory capacity of these cells, which may compromise 
the long-term response to CRT and even the overall sur-
vival of patients.

Regarding the comparison between responders and 
non-responders to CRT, the fact that responders showed 
significantly lower levels of cMo and higher levels of 
ncMo after CRT than the HG but that non-responders 
did not, suggests that the reduction of circulating cMo 
and the increase in ncMo play a role in CRT response. 
Some studies have shown that the inflammatory response 
induced by the innate immune system can be physi-
ological and results in the upregulation of cytoprotec-
tive responses that allow the heart to adapt to stress [52, 
53]. Therefore, it is tempting to speculate that the cMo 
reduction observed after CRT, exclusively in responders, 
indicates an increased recruitment of circulating mono-
cytes to the injury site and a beneficial effect on reverse 
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remodelling, or, on the other hand, it may be due to an 
increase in the ncMo subset, which after exerting their 
local function, emerge from the cardiac tissue into the 
peripheral blood circulation to die in the spleen [54].

Another important finding of the present study is the 
remarkable decrease in cMo and increase in iMo, from 
baseline to post-CRT, which was only due to respond-
ers. Furthermore, the responder group also presented 
higher ncMo values at follow-up compared to the non-
responder group. Taken together, the increase in the 
frequency of ncMo and iMo and decrease in cMo in 
responders suggests a participation of these cells in car-
diac reverse remodelling and CRT response. Our results 
are consistent with those of Ptaszynska-Kopczynska K. 
et al. (2021) [25], who describe an increase in ncMo and 
iMo subsets with a consequent reduction of cMo in HF 
patients after CRT. However, in that study the subdivi-
sion of patients according to CRT response was not car-
ried out. Our study included an additional analysis based 
on responders and non-responders that distinguishes it 
from prior studies. Functionally iMo are involved in the 
induction of natural repair mechanisms such as regula-
tion of immune response, pro-angiogenesis, and tissue 
regeneration [25, 26, 55, 56], while ncMo are known for 
their patrolling behaviour, surveying the endothelium 
for signs of inflammation or damage [26, 57]. In addi-
tion, despite being associated with inflammatory disease 
progression, ncMo are crucial for vascular homeostasis, 
removing damaged cells and debris from the endothe-
lium, displaying an important role in wound-healing, 
collagen deposition, angiogenesis, and resolution of 
inflammation by linking innate to adaptive immune 
response [57–60]. Moreover, a recent study by van de 
Bossche et al. [54] describes that, after completing their 
tissue-cleaning task, monocytes can migrate through the 
lymphatic system into the bloodstream, allowing phago-
lysosomal content to be evaluated and damage detection 
in this tissue to be used as a marker for therapeutic moni-
toring of several disease conditions. In this context, the 
differences in the frequency of peripheral ncMo observed 
between responders and non-responders after CRT can 
be explained by this behaviour of ncMo in the process of 
healing and cleaning of cardiac tissue and migration to 
peripheral blood.

Concerning cytokine production by monocytes, even 
responders showed an increased frequency of these cells 
expressing IL-6 and IL-1β at both times of evaluation, 
suggesting once again that CRT was not able to interfere 
with the functional inflammatory ability of monocytes. 
Interestingly, in the analysis of IL-6-producing mDC, 
although both responders and non-responders showed a 
higher frequency of cells at baseline, after CRT this dif-
ference disappears in responders. In this context, our 

results suggest that, after reverse remodelling, mDC 
might display lower functional inflammatory capacity. 
Furthermore, although CRT fails to reduce the inflamma-
tory capacity of monocytes, the responder group showed 
a lower frequency of IL1β-producing mDC at follow-
up compared to baseline, as well as lower values of IL-6 
producing-mDC compared to non-responders. At this 
point, it can be concluded that there is also a tendency 
for CRT to suppress the inflammation produced by DC, 
but inflammatory values after stimulation remain higher 
than the HG.

Regarding the DC subpopulations, only responders 
presented lower frequency and absolute values of pDC 
at baseline compared to the HG. As producers of mas-
sive amounts of type-I IFNs when activated, pDC have 
been implicated in the development of autoimmune and 
inflammatory diseases [61–63]. In our work, the low fre-
quency of pDC at baseline seems to be an indicator of 
positive response to CRT.

Another remarkable result of our study is the decrease 
in CD86 expression by monocytes and DC after CRT 
compared to the initial evaluation, suggesting an immune 
modulating role of CRT, whether in responder or non-
responder patients, due to a lower ability of monocytes 
and DC to provide the second antigen-independent co-
signal to T cells, which may compromise the adaptive 
immune response on the inflammatory process in HF. 
Interestingly, the increased frequency of pDC expressing 
CD86 observed in the general HF population at 6-month 
follow-up was primarily seen in non-responders.

Our group recently published a study on Treg cells in 
patients with HF. We showed that peripheral blood Treg 
cells were decreased in patients and remained reduced 
after CRT [64]. On the other hand, MI studies performed 
in animal models describe the recruitment of these toler-
ogenic cells to the heart in order to suppress the inflam-
matory response [65, 66]. Furthermore, it is described 
that Treg cells can not only improve healing after MI but 
also trigger monocyte differentiation [66]. In this sense, 
after CRT, the migration of Treg cells to the failing heart 
may continue to occur, which could, at least in part, 
explain the decrease in CD86 expression by monocytes 
and DC and the differentiation of monocytes into iMo 
and ncMo.

The present study has some limitations. Despite being 
a homogeneous population (with advanced HF submit-
ted to CRT), one important limitation of our study is the 
small sample size, especially in comparisons between 
subgroups. Other studies with larger samples are needed 
to prove whether the reduction of monocytes and DC is 
in fact related to the positive response to CRT. Another 
limitation is the short follow-up period. We did not 
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experience whether the possible anti-inflammatory effect 
of CRT is sustained over time.

In conclusion, our research suggests that the innate 
immune system participates in cardiac reverse remod-
elling and response to CRT. HF patients with less pDC 
appear to be more prone to respond to CRT, and the 
decrease in cMo values (which have proinflamma-
tory effects) with the increase in iMo (with beneficial 
and anti-inflammatory properties) and ncMo (impor-
tant in wound-healing) after CRT seem to be related to 
successful reverse cardiac remodelling. Furthermore, 
CRT is associated with a reduction in the amount of 
CD86 expressed by monocytes and DC subsets and in 
their potential to produce pro-inflammatory cytokines, 
which may influence the connection between the innate 
and adaptive immune response, contributing, at least 
in part, to the previously described anti-inflammatory 
effects of CRT.
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