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ARTICLE INFO ABSTRACT
Keywords: Background: The exact impact of chemotherapy on the immune system of older patients with breast cancer is not
Immunosenescence well known. A longitudinal study was performed investigating the evolution of the blood immune profile during
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and after chemotherapy in this population.

Patients and Methods: The study included 39 patients receiving adjuvant chemotherapy (chemotherapy group,
CTG) and 32 patients receiving only hormone therapy (control group, CG). A 10-gene panel associated with
immunosenescence was measured in peripheral blood mononuclear cells (PBMC) before (T1), at 3 months (T2)
and at 12 months (T3) after initiation of adjuvant therapy. Nutrition status was assessed by using a mini
nutritional assessment scale. Linear mixed model analyses were performed for trajectory evolution, with or
without adjusting for age, tumor stage, breast cancer phenotype, and/or corresponding baseline gene levels.
Results: Six genes relating to T cell activation (CD28, CD27, CD86, LCK, GRAP, LRRN3), and two genes relating to
oxidative stress (PRDX6, HMOX1) exhibited a significant group-by-time effect, even after adjusting covariates(p<
0.01). In CTG, the T cell activation genes substantially declined from T1 to T2 and bounced back to a level higher
than baseline at T3 (p<0.03), which was not observed in CG (p>0.26). Patients with malnutrition detected at T1
experienced more pronounced perturbation regarding CD27, LCK, CD69, VAMP5, and LRRN3 (p<0.05).
Conclusion: Chemotherapy leads to transient perturbation of immune-related gene expression and potentially
stimulates immunity in the long term. Well-nourished patients experience less impact of chemotherapy on
immune-related gene expression profiles.

Abbreviations: ADL, activities of daily living; CCI, charlson comorbidity index; CG, control group; CGA, comprehensive geriatric assessment; CTG, chemotherapy
group; ECOG, eastern co-operative oncology group; GDS, 15-item geriatric depression scale; GRAP, growth factor receptor-bound protein 2 (GRB2)-related adaptor
protein; HMOX1, haem oxygenase-1; IADL, instrumental activities of daily living; IGF-1, insulin-like growth factor 1; IL, interleukin; LCK, lymphocyte-specific protein
tyrosine kinase; LMM, longitudinal mixed model; LOFS, leuven oncogeriatric frailty score; LRRN3, leucine-rich repeat neuronal protein 3; MCP1, monocyte che-
moattractant protein-1; MNA-SF, mini nutritional assessment-short form; MMSE, mini mental state examination; PRDX6, peroxiredoxin 6; RANTES, regulated upon
activation, normal t cell expressed, and secreted; ROS, reactive oxygen species; TC, docetaxel plus cyclophosphamide; TCR, t cell receptor; TILs, tumor-infiltrating
lymphocytes; TNF, tumor necrosis factor; TS, telomere shortening; VAMPS5, vesicle-associated membrane protein 5.
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Q. Wuetal
Background

Female breast cancer is the leading cause of cancer incidence and
mortality among females worldwide, representing 24.5% of all cancer
cases and 15.5% of all cancer deaths. Approximately 45% of female
breast cancers are diagnosed in patients aged 65 years and older, of
which 19% are above the age of 75 [1]. As the population of older in-
dividuals is increasing, breast cancer in older individuals has and will
continue to become more prevalent.

Despite the marked expansion of an older population with breast
cancer, the safety, efficacy, and necessity of different therapeutic mo-
dalities in this population remain under-studied. Older patients with
breast cancer are less likely to receive standard chemotherapy because
of increased risk of detrimental side effects [2]. Besides acute toxicity
events, repeated cycles of chemotherapy-induced exhaustion and sub-
sequent repopulation of the hematopoietic compartment may lead to
accelerated aging of the immune system, also known as immunose-
nescence. Immune aging leads to a progressive deterioration of the
ability to develop adapted immunity against new antigens, concurrent
with a gradual increase in non-specific systemic inflammation. Hence,
the understanding of immune alterations associated with chemotherapy
in older patients with breast cancer is of paramount importance, most
particularly when a combination with immunotherapy is considered.
The monitoring of immunosenescence parameters could therefore be
beneficial for planning and optimizing the combination of anti-cancer
treatments.

One of the pronounced characteristics of immunosenescence, which
is believed to be responsible for the impaired immune responsiveness
with increasing age, is the loss of important T cell stimulatory cor-
eceptors, including CD28 and CD27 [3]. This is coupled with an asso-
ciated decrease in downstream molecules of the T cell receptor (TCR)
signaling pathway, such as lymphocyte-specific protein tyrosine kinase

@ Decreased T cell activation

MHC I/l

Lymphocyte

Translational Oncology 25 (2022) 101527

(LCK) [3], and the growth factor receptor-bound protein 2 (GRB2)-re-
lated adaptor protein (GRAP) which propagates TCR activation [4]. As a
result, the ability of effector T cells to recognize and destroy pathogens
or malignant cells is impaired. While senescent T cells are dysfunctional,
they also show a significantly higher reactive oxygen species (ROS) level
[5], which potentially explains the decrease in circulating naive T
lymphocyte numbers with age [6,7]. These alterations lead to an accu-
mulation of dysfunctional T cells with altered capacity for antigen
recognition and effector activation, further causing a decreased capacity
to respond to new threats.

There is increasing interest in cellular biomarkers of immunose-
nescence. Based on several large-scale studies, examining genome-wide
alterations of age-related gene expression profiles in peripheral blood
samples by microarray analysis, we constructed a 10-gene panel
involved in immunosenescence to study the impact of adjuvant
chemotherapy on the immune system in older women with breast can-
cer. The 10-gene panel mainly covers the two aspects of immunose-
nescence discussed above: (1) diminished T cell activation, reflected by
decreased expression of CD28 [8], CD27 [9-11], LCK [8], GRAP [9],
CD69 [8,12], and leucine-rich repeat neuronal protein 3 (LRRN3 [9,11],
a naive T cell marker), and increased expression of CD86 [8] and
vesicle-associated membrane protein 5 level (VAMP5 [9,10,13], traf-
ficking of TCRs to the immune synapse). (2) higher ROS level, high-
lighted by decreased peroxiredoxin level [8] (PRDX6, removes ROS [5,
14]), and increased haem oxygenase-1 level [8] (HMOXI1, induced by
ROS generation, which in turn removes ROS as well [15]) (Fig. 1)

The goal of this study was to explore the dynamics of immune-related
gene expression in peripheral blood from older patients with breast
cancer receiving systemic therapy, either consisting of a classical
chemotherapy regimen or solely anti-hormone therapy as a control.
Using the above-mentioned 10-gene panel and real-time qPCR, we
aimed to analyze serial blood samples obtained from patients with
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Fig. 1. Schematic of age-associated immunosenescence genes. This figure is an integrative view of the network related to immunosenescence, mainly focusing on
T cell activation and ROS. Red arrows denote the increase/decrease during aging. Genes/biomarkers highlighted in green were included in our study. @In brief,
during T cell activation, cells are activated initially through their TCRs by antigen/MHC complexes expressed by antigen-presenting cells. Subsequent signals such as
CD28, CD27, or other costimulatory receptors (such as CD69), are required for T cell activation. After TCR engagement, LCK phosphorylates the intracellular TCR
domain, enabling the recruitment and activation of ZAP70, which in turn phosphorylates the adapter LAT. Phosphorylated LAT acts as a scaffold, recruiting and
binding other adapters, such as GRAP, driving downstream signal amplification and diversification, leading to T cell activation. Of note, most genes related to TCR
are downregulated during aging. LRRN3, a marker of naive T cells, is decreased during aging, whereas VAMP5, which plays a role in the trafficking of receptors to the
immune synapse, is increased during aging. @Increased ROS level is observed during aging, with decreased PRDX6 level that normally remove ROS, and increased
HMOX1 as a result of increased ROS, in return also removes ROS, i.e. via heme. Abbreviations: APC: antigen presenting cell; GRAP: growth factor receptor-bound
protein 2 (GRB2)-related adaptor protein; HMOX1: haem oxygenase-1; LCK: lymphocyte-specific protein tyrosine kinase; LRRN3: leucine-rich repeat neuronal
protein 3; MHC-: major histocompatibility complex-; PRDX6: peroxiredoxin 6; TCR: T cell receptors; VAMP5: vesicle-associated membrane protein 5; ZAP-: leucine-
rich repeat neuronal protein-. Figure is drawn using tools in Biorender.com
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breast cancer after surgery and during follow-up. The underlying aim is
to gain insights into the immune effects of standard treatment for older
women with breast cancer.

Methods
Participants

This is a sub-study from a previously reported prospective clinical
study evaluating the effect of adjuvant chemotherapy on clinical and
biological aging parameters in older female patients with breast cancer
(>70 years) (trial registration number NCT00849758, ClinicalTrials.
gov) [16]. In brief, patients with breast cancer were recruited from 2
academic and 3 regional hospitals in Belgium from 2009 until 2012.
Eligibility criteria included: woman older than 70 years old, received
primary surgery for early breast cancer, pathological stage I to III,
scheduled for adjuvant systemic therapy. Clinical characteristics were
assessed through hospital medical records. Surrogate BC molecular
phenotypes were defined based on the 2011 St. Gallen criteria: (i)
luminal A-like (estrogen receptors (ER)-positive and/or progesterone
receptors (PR)-positive, human epidermal growth factor receptor 2
(HER2)-negative, grade 1 or 2), (ii) luminal B-like (ER-positive and/or
PR-positive, grade 3), (iii) HER2-like (ER-negative and PR-negative, and
HER2-positive), and triple-negative breast cancer-like (TNBC,
ER-negative, PR-negative, and HER2-negative). Two groups of patients
were included based on the type of adjuvant systemic therapy received:
adjuvant chemotherapy group (CTG) and adjuvant hormone therapy
group (CG). In CTG, the scheduled chemotherapy consisted of docetaxel
at a dose of 75 mg/m? and cyclophosphamide at 600 mg/m? every 3
weeks for a total of 4 cycles (TC scheme). Trastuzumab could be added
to the TC scheme for HER2-positive breast cancer. Primary prophylaxis
with G-CSF (granulocyte-colony stimulating factor) was administered as
per standard practice guidelines. Antihormonal therapy was addition-
ally foreseen if the breast tumor was positive for ER/PR receptor(s). In
CG, an aromatase inhibitor was foreseen as the sole adjuvant systemic
therapy. All patients received radiotherapy according to institutional
guidelines (after chemotherapy in the CTG group). White blood cell
growth factor support was recommended in the CTG arm during
chemotherapy. All participants provided written informed consent.

Geriatric assessment A GA was performed at baseline as described
[16]. Comorbidity was measured with the Charlson Comorbidity Index
(CCD); Functional status by Katz’s Activities of Daily Living (ADL),
Lawton’s Instrumental Activities of Daily Living (IADL) scales and
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Eastern Co-operative Oncology Group-Performance Status (ECOG-PS);
cognitive status by the Mini-Mental State Examination (MMSE); mood
with the 15-item Geriatric Depression Scale (GDS); nutritional status by
the Mini Nutritional Assessment-Short Form (MNA-SF). Leuven Onco-
geriatric Frailty Score (LOFS) was applied to summarize GA results in a
more refined linear score ranging from 10 (very fit) to 0 (very frail) [16].

Blood sample collection

All blood samples were collected as part of the previous study [16].
In brief, we collected patients’ blood at baseline, after 3 months and
after 12 months. The first time point (T1) for a blood draw was typically
between 3 and 6 weeks after surgery, and always before administration
of the first TC cycle in the CTG group. The second time point (T2) was on
the day of the fourth and last TC cycle (blood was taken immediately
prior to chemotherapy administration) for patients in the CTG group and
approximately 3 months after inclusion for patients in the CG group. The
last time point (T3) was roughly 12 months after inclusion for both
groups. For this gene expression study, 2.5ml of blood was collected in
PAXgene Blood RNA tubes (PreAnalytiX, QIAGEN), which were stored
at -80°C until further analysis. See overview in Fig. 2.

Gene expression analysis

Leukocyte RNA was isolated and purified from the PAXgene Blood
RNA tube by the use of the PAXgene Blood RNA kit (PreAnalytiX,
QIAGEN) according to the manufacturer’s instructions. 500ng of total
RNA from each sample was used for cDNA synthesis using the Invitrogen
Superscript III kit (Invitrogen) according to the manufacture’s manual.
Real-time qPCR analysis in 96-well plates was performed on the Light-
Cycler 480 platform (Roche), using Roche Realtime Ready custom panel
assays, containing target-specific primers and a matching probe from the
Universal Probe Library (UPL) for the following target genes: CD28
(Gene ID: 940), CD27 (Gene ID: 939), CD86 (Gene ID: 942), LCK (Gene
ID: 3932), GRAP (Gene ID: 10750), CD69 (Gene ID: 969), VAMP5 (Gene
ID: 10791), LRRN3 (Gene ID: 54674), PRDX6 (Gene ID: 9588), and
HMOX]1 (Gene ID: 3162). The expression of target genes was normalized
relative to three chosen reference genes: GAPDH (Gene ID: 2597), B2M
(Gene ID: 567), YWHAZ (Gene ID: 7534). The RealTime Ready assays
comply with the Minimum Information for Publication of Quantitative
Real-time PCR Experiments (MIQE) guidelines [17] and include internal
controls for RNA degradation, efficiency of cDNA synthesis and presence
of genomic DNA. A reference cDNA sample was also included on each
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Fig. 2. Study design. Gene expression analysis was performed on peripheral blood samples collected after surgery and before initiation of systemic therapy (T1), 3
months after initiation of systemic therapy or before the 4th cycle of TC (T2) and at 12 months (T3). Red * if patients were ER and or PR positive. Abbreviations: Als,
aromatase inhibitors; ER: estrogen receptors; PR: progesterone receptors; TC: docetaxel cyclophosphamide. Figure is drawn using tools in Biorender.com
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plate to evaluate inter-plate variation. The 20-uL PCR reaction mix was
composed of diluted cDNA and LightCycler 480 Probes Master (Roche
Diagnostics). The reactions were run on the LightCycler 480 machine
using the cycling program specified in the assay guidelines. The Light-
Cycler 480 software, version 1.5.1 was used for calculation of the rela-
tive Ct values.

Plasma aging biomarkers

A large panel of other aging biomarkers was previously measured in
plasma samples from the patient cohort of the initial study (n=107) and
results were reported in the past [16]. For the present study, only pa-
tients with PAXgene blood samples available (n=71) were included. The
previously obtained biomarker results on these 71 patients were also
integrated in the current study, with a specific focus on interleukin 6
(IL-6), IL-10, tumor necrosis factor (TNF-a), monocyte chemoattractant
protein-1 (MCP1, also known as CC-chemokine ligand 2, CCL2), regu-
lated upon activation, normal t cell expressed and secreted (RANTES,
also known as CCL5), insulin-like growth factor 1 (IGF-1), and leukocyte
telomere length, measured by qPCR as the ratio of telomeric sequences
vs. single-copy gene (T/S ratio).

Statistical analyses

Continuous variables were tested for normality of distribution by
Shapiro-Wilk testing. For comparison of baseline characteristics for the
CTG and CG, t-tests (normally distributed) or Wilcoxon rank-sum tests
(non-normally distributed) were used for continuous variables, and chi-
square (x2) tests were used for categorical variables. The primary aim of
this study was to assess trajectories of change in the genes from T1 to T2
and from T1 to T3 using linear mixed modeling (LMM) for longitudinal
data, controlling for important potential confounders (age, TNM-stage,
phenotype, and/or corresponding baseline gene level). Spearman cor-
relation was used to estimate correlations between the 10-gene panel
and biological aging and CGA as well. Statistical computations were
performed using SAS software (version 9.4; SAS Institute, Cary, NC), R
software (version 4; www. r-project. org), and GraphPad Prism software
(version 9.0; GraphPad Software, Inc). A two-sided P<0.05 was
considered significant for overall group differences.

The LMM included as fixed effects time (0, 3, and 12 months treated
as nominal), group (CTG & CG), group-by-time interaction, and baseline
covariates: chronological age (recorded at diagnosis), TNM-stage (in two
categories: I-II & IIT) and phenotype (in four categories: luminal A-like,
luminal B-like, Her2+-like, TNBC-like). Gene expression level (log 10
transformed) was the response variable. A random intercept for patients
was modelled to deal with clustering due to the longitudinal data
structure. Estimation was performed using the restricted maximum
likelihood method. Marginal adjusted mean differences were used to
quantify the changes from T1 to T2 and from T1 to T3 by group per time
point. To confirm our results, we also conducted an LMM that only
include luminal B-like patients for both groups.

All analyses contained all available data. Missing data were not
common, except for 2 patients from 1 center with missing TNM stage
information, phenotype, and histology type and grade, as a result of an
inability to contact participants by telephone, where we assumed they
were missing completely at random.

Results
Patient population

The previously reported prospective clinical study included in total
109 participants [16]. Of these, 39 patients in the chemotherapy group
(CTG) and 32 patients in the control group (CG) had PAXgene blood
samples available at all 3 time points and were included in the present
sub-study (Fig. 2). The remaining 38 patients with missing blood samples
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were excluded. Almost all CTG patients completed their adjuvant
chemotherapy, one stopped after the second cycle because of a severe
allergic reaction, two patients stopped after the third cycle because of
severe infection. The demographic data are displayed in Table 1. As a
result of the study design (i.e. allocation of patients to CTG or CG ac-
cording to the physician’s decision whether or not chemotherapy was
indicated), there were some differences between the groups with respect
to age, breast cancer phenotype, and TNM-stage: as expected, patients in
the CG group were older (p=0.0039), had a lower degree of tumor
burden (TNM-stage, p=0.01), and a good prognosis-related phenotype
(p<0.0001).

Impact of chemotherapy on immunosenescence-related genes in older
patients with breast cancer

To investigate whether chemotherapy has an impact on the process
of immunosenescence in older patients with breast cancer, a panel
consisting of 10 genes attributable to immunosenescence was applied to
monitor the evolution in the CTG and CG groups. All genes were
measured at baseline (after surgery) prior to any systemic therapy (T1),
at 3 months (T2), and at 12 months (T3) after starting the therapy.

At baseline, CD28, CD86, and HMOX1 showed a significantly lower
level in CTG compared with CG (p=0.02, p=0.03, p=0.04, respectively.
Fig. 3; Table 2), even after correcting covariates (age, stage, and
phenotype).

From T1 to T2, reflecting the short-term impact of chemotherapy,
LMM analysis of the gene expression data revealed patients receiving
chemotherapy showed a significant decline of CD28, CD27, GRAP, and
LRRN3 level (all p<0.001, even after correction for covariates, such as
age, stage, phenotype, initial gene level) and to a lesser extent CD86 and
LCK (p<0.05). With regard to ROS level, PRDX6 was significantly
increased (p<0.001). In controls receiving hormone therapy only, short-
term changes were clearly less pronounced (Fig. 3; Table 2).

From T1 to T3, reflecting the long-term effect of chemotherapy,
minor increases in CD28, and CD27 (p<0.05), moderate increases in
CD86, and LCK (p<0.001), and intense increase in HMOX1 (p<0.0001)
could be observed. Conversely, no significant changes were observed in
patients from CG (Fig. 3; Table 2).

To examine whether the evolution over time was different between
both groups, group-by-time interaction was performed in the general
cohort. The result indicated a significant interaction effect for CD28,
CD27, CD86, LCK, GRAP, LRRN3, PRDX6, and HMOX1, even after
adjusting all covariates including age, stage, phenotype, and initial gene
level (all p<0.01)). Specifically, the T cell activation-related genes
CD28, CD27, CD86, LCK, GRAP, and LRRN3 decreased to a much larger
extent in CTG compared with CG at 3 months. After 12 months, their
levels were restored, and for some genes were even slightly higher than
the baseline levels in CTG. Also, the ROS-related gene PRDX6 dramati-
cally increased in CTG at 3 months and then dropped back to baseline,
whereas only minor changes occurred in CG (Fig. 3; Table 2).

To make sure that the different time evolution patterns between both
groups were not simply caused by non-equal breast cancer subtype
composition of CTG and CG, the luminal B-like subtype was extracted
from the general cohort (Supplement Fig. S1). Similar results were
observed as in the luminal B-like sub-cohort, i.e. more substantial
alteration of CD28, CD27, CD86, LCK, GRAP, LRRN3, and PRDX6 in CTG
in comparison to CG at 3 months, and a significant increase in the ROS-
related genes at 12 months in CTG. Also, time evolution patterns differed
in two groups in terms of CD28, CD86, GRAP, LRRN3, PRDX6, and
HMOX1.

Immunosenescence-related gene expression in relation to chronological age
We next examined whether the 10-gene panel correlated with bio-

logical age in the entire patient cohort (CTG + CG) at baseline (i.e. after
surgery and prior to any systemic therapy) by performing Spearman
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Fig. 3. Trajectory evolution of immunosenescence-related gene levels of patients receiving chemotherapy (red lines, n=39) or not having chemotherapy
(blue lines, n=32) at baseline (T1), 3 months (T2) and 12 months (T3) after the surgery. Data are represented as mean + standard error (SEM) of each timepoint
for each group. * denotes comparison between CTG and CG (baseline comparison (black * at T1); group-by-time interaction (purple * at top right)); { denotes
comparison between T2 and T1 in CTG (red) and CG (blue); { denotes comparison between T3 and T1 in CTG (red) and CG (blue). All gene levels are logl0
transformed. Abbreviations: GRAP: growth factor receptor-bound protein 2 (GRB2)-related adaptor protein; HMOX1: haem oxygenase-1; LCK: lymphocyte-specific
protein tyrosine kinase; LRRN3: leucine-rich repeat neuronal protein 3; PRDX6: peroxiredoxin 6; ROS: reactive oxygen species; VAMP5: vesicle-associated mem-
brane protein 5.

correlation analysis. Of these 10 genes, LRRN3 tended to be negatively
associated with age (rs= -0.22, p=0.07), meaning that higher age is
associated with lower LRRN3 levels.

Plasma cytokines and leukocyte telomere length are associated with
immunosenescence-related gene expression

Plasma cytokines and leukocyte telomere length are well-known
aging biomarkers [18,19]. We therefore examined if these age-related
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Fig. 4. Heatmap of association between immunosenescence-related genes and inflammaging (A) and clinical frailty (B). Color code represents the corre-
lation strength from low (blue) to high (red). The * in the heatmap denoted statistical significance for correlation. Spearman rank correlation was applied to test the
association between gene panel and inflammatory cytokines and frailty. Abbreviations: T/S ratio, telomere sequences vs. single-copy gene; IL-, interleukin-; TNF-,
tumor necrosis factor-; MCP1/CCL2, monocyte chemotactic protein 1/chemokine (C-C motif) ligand 2; RANTES/CCL5, regulated upon activation, normal T cell
expressed and presumably secreted/chemokine (C-C motif) ligand 5; IGF-1, insulin like growth factor-1; CCI, Charlson comorbidity index; ECOG, eastern cooperative
oncology group; LOFS, Leuven oncogeriatric frailty score; ADL, activities of daily living; IADL, instrumental activities of daily living; MMSE, mini mental state
examination; MNA-SF, mini nutritional assessment-short form; GDS, geriatric depression scale.
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biomarkers also correlated with the 10 immunosenescence-related
genes in the entire patient cohort (CTG + CG) at baseline (i.e. after
surgery and prior to any systemic therapy) (Fig. 4A).

Interestingly, PRDX6 (rs = 0.44, p<0.001) and HMOX1 (rs= 0.27,
p=0.04), which biologically are both involved in ROS level regulation,
were positively correlated with leukocyte telomere length. On the other
hand, several genes of the panel (i.e. CD28, CD27, CD86, LCK, GRAP,
and HMOX1) were significantly correlated with the plasma cytokines
MCPI, IL-6, and TNF-a. The link with pro-inflammatory plasma cyto-
kines was most prominent for CD86.

Association of immunosenescence-related gene expression with clinical
frailty as measured by GA

Aside from biological changes, clinical frailty is another, even more
relevant manifestation of the aging process, which is frequent among
older patients with breast cancer as well. Therefore, we explored in the
entire patient cohort (CTG + CG) at baseline the relationship between
the 10-gene panel and diverse components of the GA, which is routinely
used in the clinic to estimate older patients’ frailty status (Fig. 4B). Most
strikingly, CD69 was widely correlated with many GA tools: GDS (r=
0.32,p=0.008), MNA-SF (r; = -0.44, p=0.0001), G8 (r; = -0.35,
p=0.003), LOFS (rs = -0.31, p=0.009), IADL (rs = -0.28, p=0.02), and
MMSE (rs = -0.28, p=0.02), which means the higher the CD69 level, the
more frail patients were.

Remarkably, multiple genes from the T cell activation domain
conversely correlated with MNA-SF (i.e. CD69: rs = -0.44, p=0.0001;
LRRN3: rs = -0.35, p=0.003) albeit non statistically significance
observed among some genes(i.e. CD28 and CD27)(Fig. 4B). In line with
this, we split the cohort into “MNA-SF normal” (MNA-SF >12), and
“MNA-SF abnormal” (MNA-SF <12) to investigate whether patients’
nutrition status influenced those genes’ evolution patterns (Fig. 5).
Consistent with our hypothesis, less perturbation was observed in the
“MNA normal” subgroup compared with the “MNA abnormal” group in

T cell activation
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terms of CD28, CD27, CD86, LCK, GRAP, LRRN3 these T cell activation-
related genes. Thus, maintaining a good nutritional status is important
to minimize the impact of systemic anti-cancer treatment on the immune
compartment.

Predictive value of baseline immunosenescence-related gene expression for
aging/frailty evolution in patients receiving chemotherapy

Given the observed correlations of immunosenescence-related genes
with biological aging and clinical frailty markers, we next applied linear
regression models to investigate whether baseline gene levels could
predict the evolution of biological aging or clinical frailty markers under
chemotherapy treatment.

Interestingly, HMOX1 proved to be not only correlated with telomere
length at baseline but also predicted its changes, especially in the short
term (B (SE)=-0.36 (0.12), p=0.003 at T2; p (SE) -0.19 (0.10), p=0.08 at
T3, corrected for initial telomere length, data not shown): the higher the
initial HMOX1 expression, the shorter the telomere length at 3 months
and 12 months. On the other hand, higher baseline expression of several
immunosenescence-related genes (CD28, CD86, and HMOX1) predicted
lower plasma levels of the inflammaging marker TNF-a at 12 months
(p=0.001 or lower, corrected for initial TNF-a level, data not shown).
None of the genes showed predictive value at baseline with regard to the
evolution of clinical frailty parameters.

Discussion

In this study, we applied a 10-gene panel to evaluate immunose-
nescence alterations in older patients with breast cancer either or not
receiving adjuvant chemotherapy treatment. LMM analysis on gene
expression data obtained with peripheral blood mononuclear cells
revealed that most genes related to T cell activation were significantly
downregulated at 3 months but had a robust recovery within 12 months
after the start of systemic therapy. More substantial changes were

ROS level
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Fig. 5. Trajectory evolution of immunosenescence-related gene levels of patients receiving chemotherapy (red lines) or not having chemotherapy (blue
lines) in MNA normal (solid lines, n=20 for CTG, and n=19 for CG) or abnormal (dashed lines, n=19 for CTG and n=13 for CG) patients at baseline (T1), 3
months (T2) and 12 months (T3) after the surgery. * denotes group-by-time interaction analysis of MNA (normal & abnormal) and month (T1, T2, and T3) in CTG
(red) and CG (blue);  denotes short-term comparison (T2-T1) between MNA normal and abnormal in CTG (red) and CG (blue) groups; i denotes long-term com-
parison (T3-T1) between MNA normal and abnormal in CTG (red) and CG (blue) groups. All gene levels are log10 transformed. Abbreviations: GRAP: growth factor
receptor-bound protein 2 (GRB2)-related adaptor protein; HMOX1: haem oxygenase-1; LCK: lymphocyte-specific protein tyrosine kinase; LRRN3: leucine-rich repeat
neuronal protein 3; LumB, luminal B-like; PRDX6: peroxiredoxin 6; ROS: reactive oxygen species; VAMP5: vesicle-associated membrane protein 5.
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observed among patients receiving chemotherapy compared with pa-
tients receiving only hormone therapy. Of note, eventual levels of CD28,
CD27, CD86, LCK at 12 months were significantly higher than initial
levels measured before the onset of adjuvant chemotherapy, which is
not mirrored in patients receiving adjuvant hormone therapy only.
Similar results were observed in the sub-analysis confined to the luminal
B tumor subtype. Together, our data suggest that adjuvant systemic
chemotherapy leads to substantially decreased T cell activation in the
short term, while potentially triggering a long-term immune stimulation
in older patients with breast cancer.

Docetaxel plus cyclophosphamide (TC) is among the most widely
used chemotherapy regimens for breast cancer. However, older patients
with breast cancer are often undertreated for fear of intolerability.
Mounting studies indicated that chemotherapy may also stimulate the
tumor immune response, which led to the combination of chemotherapy
and immunotherapy to harness the synergistic effects [20,21]. Our
previous studies revealed that the general compositional complexity of
most circulating T cell subsets was restored by 12 months after adjuvant
treatment of older patients with breast cancer [6,16]. Here we demon-
strate that a set of genes attributable to T cell activation was deteriorated
in the short term after receiving chemotherapy, but the activity bounced
back to the baseline level and even higher. This suggests that chemo-
therapy in older women with breast cancer is well-tolerated and may
actually stimulate immune responsiveness in the long term, as witnessed
by significantly increased CD28, CD27, CD86, and LCK levels at 12
months. Our results support and extend the previous findings of
Mozaffari et al [22], who demonstrated significantly reduced p56, CD3,
and Zap70 levels in the short term in patients following chemotherapy.
Furthermore, current findings complement our previous report on the
transient influence of adjuvant chemotherapy on the immune
compartment and on biological and clinical aging markers. They also
reinforce the idea of immune induction by chemotherapy, which has
been demonstrated by a synergistic effect of combining chemotherapy
and immunotherapy in clinical trials [23-26]. It should be mentioned
here that clinical drug combination trials are usually conducted among
younger patients (>90% of participants are younger than 65 ys [24,25]).
Our report for the first time suggests that a potential immune stimula-
tion can also be observed among older breast cancer patients receiving
chemotherapy. Obviously conclusive data are yet to be obtained in order
to identify patients who would truly benefit from this strategy before
putting it into clinical practice.

Clinical frailty is a state of decreased physiological reserves and
vulnerability to external stressors that is frequent in older individuals
with cancer [27-29] and can be assessed by geriatric assessment (GA).
Our study revealed that CD69 conversely correlated with multiple CGA
scales, reflecting the lower CD69 is, the healthier patients will be.
Despite its classical role as an early marker of T cell activation, CD69 is
recognized as a metabolic gatekeeper as well [12]. Earlier study indicate
anti-CD69 antibodies triggered an increase of glucose uptake [30],
might be a potential explanation for conversely related MNA scale. Yet
the mechanism is not completely established especially regarding CD69
with other aspects of clinical frailty, such as conversely related G8, IADL,
MMSE, and positively related GDS. Another interesting finding is that
MNA-SF scale negatively correlated with multiple genes relating to T
cell activation. When further classifying patients based on MNA-SF
score, patients with preexisting malnutrition tended to experience a
more pronounced gene level reduction at 3 months and a slower re-
covery at 12 months, as highlighted by CD28, CD27, CD69, and LCK,
whereas well-nourished patients suffered less perturbation of T cell
activation genes. This is in line with the findings that malnutrition in
aging persons aggravates the already impaired immunity through a
negative impact on T cell number, activation, proliferation, and cytokine
production, as a result of decreased fuel supporting those processes
[31-34]. Here we demonstrated for the first time that genes attributable
to T cell activation were decreased to a larger extent in patients with
malnutrition status compared with patients with normal nutrition
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status. Clinically, these data imply that screening for initial malnutrition
in older breast cancer patients might be essential to identify patients
who may benefit from nutritional intervention before, during, and after
cancer care. However, a more detailed mechanistical understanding of
the effect of nutrition on immunity is needed, as well as clinical studies
demonstrating improved immunity when the nutritional status is
improved.

Aside from declined expression of genes related to T cell activation,
perturbation of genes linked to ROS level was also observed during the
time course of chemotherapy. ROS has been shown to promote telomere
shortening [35,36], which is generally recognized as a hallmark of
aging. The antioxidant peroxiredoxin 6 (PRDX6), scavenging ROS, is
enriched at telomeric DNA sites and PRDX6 loss causes preferential
damage to the telomeres [37], which leads to accelerated telomere
shortening. In our study, PRDX6 was dramatically increased during
chemotherapy, as compared with a minor increase in patients not
receiving chemotherapy. Although PRDX6 was previously shown to be
decreased in the older population as a result of diminished promoter
activity [5], older patients from our study cohort were still capable to
reactivate PRDX6 expression to cope with increased ROS after systemic
therapy, as indicated by other studies [38,39]. Chemotherapy itself will
therefore not necessarily lead to an accelerated telomere shortening
through ROS accumulation. This is in line with our earlier report where
we showed comparable time evolution of leukocyte telomere length in
CTG and CG [16].

Besides telomere shortening, accumulation of proinflammatory cy-
tokines, such as IL-6, TNF-a, MCP1, is another hallmark of aging [40].
Interestingly, we have found a consistent positive correlation between T
cell activation genes at baseline, most particularly CD86, and the
proinflammatory cytokines IL-6, MCP-1 and TNF-a. Conversely, the
anti-inflammatory cytokine IL-10 rather tended towards negative asso-
ciation with the 10-gene panel. The biological significance of these ob-
servations remains unclear.

Remarkably, our data did not reveal strong associations between the
evaluated immunosenescence-related genes and chronological age. Only
LRRN3, which emerged as an age-related gene in previous studies [9,
11], presented a weak relation to chronological aging in our cohort as
well, albeit not statistically significant. The lack of correlation between
the 10-gene panel and chronological age may be explained by the nar-
row age range covered in our study (70-90 years). Hence, the lack of
association with chronological age in this cohort does not necessarily
imply that these markers are not age-related.

Our study has some limitations. Firstly, only a limited selection of
immunosenescence-related genes were studied in our research. It should
be pointed out, though, that no universally accepted immunosenescence
markers have been established so far. Secondly, the nonrandomized
study set-up allowed physician bias in offering adjuvant chemotherapy
to the recruited patients. By consequence, patients in the control group
were older than patients in the chemotherapy group, and presented with
earlier tumor stage and good-prognosis phenotype. Nevertheless, our
results were not affected by adjusting for all the potential confounders.
Moreover, a sub-analysis within the luminal B-like phenotype afforded
similar results. Third, patients in the chemotherapy group received G-
CSF support. However, all blood samples were taken at least 21 days
after the last GCSF administration in view of published data that G-CSF
acting time is reported to be 14 days [41]. Moreover, it has been shown
that G-CSF reversed the effects from chemotherapy, preventing the loss
of lymphatic progenitors and mature lymphocytes [42,43]. In line we
would expect more changes from chemotherapy in the short term in the
absence of GCSF, which will not bias the results we observed in this
study. Last, we have to recognize this is a small size exploratory study,
future studies assessing the immunological effect from chemotherapy
among older patients with breast cancer might be of great value.
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Conclusions

In conclusion, our immunosenescence-related gene profiling data
suggest that in the long term, chemotherapy does not accelerate the
decline of the immune system of older patients with breast cancer.
Therefore, older age and fear of accelerated immune deterioration
should not be a criterium to withhold chemotherapy from older patients
if there is a potential benefit. On the contrary, chemotherapy may have
the potential to improve immunity in older breast cancer patients in the
long run. Secondly, our results show that patients with a normal nutri-
tion status seem to experience less perturbation of immunosenescence-
related gene profiles. A strong correlation between our 10-gene panel
of immunosenescence and well-recognized biological and clinical aging
biomarkers confirmed the validity of our gene panel to study immune
aging and also underscores the biological relevance of our results.
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