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Abstract
Background  Accelerated immune aging has been implicated in patients with end-stage kidney disease, but a 
detailed examination of immune profiles correlated with long-term outcomes for these individuals has never been 
performed. Therefore, we conducted a prospective observational study (“Immunity in end-stage renal disease”, iESRD) 
to investigate the effects of immune aging on mortality among these patients. An exploratory panel of immune cell 
subsets was analyzed by flow cytometry at baseline (neutrophils, CD3-negative lymphocytes, CD4 and CD8 T cell 
differentiation stages, and three subsets of monocytes). Immune cell distribution patterns were identified through 
data-driven principal component analysis (PCA).

Results  A total of 409 hemodialysis patients (mean age 61.7 years, range 29.5–89.1) were enrolled and followed 
for three years, during which 75 deaths occurred. Compared with survivors, deceased patients displayed features 
of more advanced immune aging, which was also correlated with older chronological ages. For individual subset, a 
higher level of CD8 naïve cells and a lower level of CD4 effector memory cells at baseline were associated with lower 
mortality. For comprehensive immune signature, principal component analysis identified three major patterns, with 
PC3—characterized by loss of naïve T cells and enrichment of effector memory T cells and non-classical monocytes—
strongly associated with age and independently corelated to all-cause (hazard ratio [HR] 1.31, P = 0.02) and 
cardiovascular mortality (HR 1.49, P = 0.04). A trend toward mortality risk in higher CMV IgG titer individuals was also 
observed. Importantly, PC3 retained prognostic value independent of chronological age, suggesting that immune 
dysfunction may contribute to excess mortality in dialysis patients.

Conclusions  Our results confirmed that an age-associated immune signature was associated with all-cause and 
cardiovascular mortality in hemodialysis patients. This immune monitoring may be extended to other chronic disease 
populations associated with aging.
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Introduction
Immune dysfunction is a hallmark of end-stage kidney 
disease[1], in which chronic low-grade inflammation 
contributes to organ damage [2–4]. This chronic inflam-
mation resembles age-related immune alterations[5], 
known as inflammaging [6]. Inflammaging is implicated 
in the pathogenesis of cardiovascular diseases [7] and 
cancers [8]. Mechanistically, aging of the immune system, 
or “immunosenescence,”[9] is characterized by telomere 
shortening[10], relative depletion of naïve T lymphocytes 
and accumulation of late-stage or possibly terminally 
differentiated T lymphocytes especially in the CD8 sub-
set [11, 12] The alteration in immune cell composition, 
which may represent an “immune risk phenotype”[13] 
associated with adverse outcomes in the elderly is simi-
larly observed in ESKD [14–16]. Thus, immune dysfunc-
tion, a shared characteristic of ESKD and aging[17, 18], 
may be a link between immunosenescence and mortality 
risk. Multiple immune cells are implicated in aging; both 
monocytes [19, 20] (innate immunity) and T lymphocytes 
[21] (adaptive immunity) sustain chronic inflammation 
in kidney disease[22], concomitantly with detrimental 
effects from accumulation of uremic toxins and dialysis 
procedures [1]. Given the markedly reduced life expec-
tancy in ESKD patients[23, 24], immune dysfunction may 
be a crucial yet underrecognized determinant of survival.

Previous research on the associations between immu-
nity and outcomes focused on single cell subsets: some 
studies have demonstrated that CD14 + CD16 + mono-
cytes are associated with cardiovascular events [25] and 
mortality [26]; reductions in CD4 and CD8 naïve T cell 
counts have been linked to cardiovascular and infectious 
events [27]; higher numbers of differentiated CD8 T cells 
have been correlated with all-cause mortality [28]. While 
these separate studies suggested the potential of individ-
ual immune cell types to predict patient survival, a single 
subset can only indirectly reflect a coordinated immunity 
alteration in patients. Since both monocytes and lympho-
cytes are exposed to uremic toxins in plasma, a broader 
analysis incorporating multiple subsets may delineate 
immune dysfunction and predict patient outcomes more 
precisely. This systemic approach has been explored in 
healthy adults, in whom multidimensional cellular phe-
notyping captures immune changes longitudinally and 
predicts longevity[29], but it has yet to be applied in dial-
ysis patients or other chronic diseases.

Thus, we hypothesize that integrating lymphocyte and 
monocyte subsets into a composite index enhances mor-
tality prediction. To test this hypothesis, we conducted 
immunophenotyping in the iESRD (Immunity in ESRD) 
cohort[15], the largest ever initiated to investigate the 
effects of immune dysfunction in dialysis patients. Based 
on the cross-sectional baseline information of the iESRD 
cohort, we have reported a comprehensive immune-aging 

phenotype of these patients at baseline and found that 
the duration of dialysis years was positively correlated 
with immunosenescence [15]. Now, we further test the 
associations between immune cell patterns and survival 
outcomes in a longitudinal follow-up. To the best of our 
knowledge, this is the first study to directly demonstrate 
that a multi-immune cell constellation predicts all-cause 
mortality and cardiovascular death in hemodialysis 
patients.

Materials and methods
Study participants
The iESRD cohort was described previously [15]. 
Four hundred nine Taiwanese adult participants were 
recruited from Far Eastern Memorial Hospital (FEMH) 
and National Taiwan University Hospital Yunlin Branch 
(NTUH-YL). As a cohort study, sample size was deter-
mined by the number of eligible patients. All participants 
provided written informed consent. The study was con-
ducted in accordance with the ethical principles of the 
Declaration of Helsinki.

The inclusion criteria were at least 20 years old and 
receiving hemodialysis for at least three months. The 
exclusion criteria included an active infection or hospi-
talization within the three months prior to enrollment. 
Patients were followed from December 2014 to Decem-
ber 2017 at FEMH and from April 2016 to April 2019 
at NTUH-YL. This study was approved by the Research 
Ethics Committee of both institutions (FEMH 103084-E 
and NTUYL 201511092 RINA).

Data collection
Patient demographics (age and sex) and comorbidities 
(diabetes, hypertension, malignancy, congestive heart 
failure, coronary artery disease, peripheral artery disease, 
stroke, and solid organ transplantation) were ascertained 
at baseline from medical records. Blood samples were 
collected before the midweek hemodialysis session for 
hematology, biochemistry, and the isolation of periph-
eral blood mononuclear cells (PBMCs). Participants were 
followed for three years to assess survival outcomes. The 
primary outcome of interest was all-cause mortality. For 
an exploratory purpose, secondary outcomes include car-
diovascular and infection-related deaths. Causes of mor-
tality were determined through chart reviews.

Immune cell subset quantification
Complete blood counts with differential counts were 
performed using an LH780 hematology analyzer (Beck-
man Coulter). For immune cell subset quantification, 
PBMCs were isolated using Ficoll-Paque (GE Healthcare) 
gradient centrifugation, then stained with fluorescence-
conjugated antibodies: CD3-AF700 (UCHT1, BioLeg-
end), CD4-PerCP/Cy5.5 (OKT4, BioLegend), CD8-APC/
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Cy7 (SK1, BioLegend), CD45RA-Alexa488 (HI100, Bio-
Legend), CCR7-APC (G043H7, BioLegend), CD86-PE 
(IT2.2, eBioscience), CD14-FITC (M5E2, BioLegend), 
and CD16-APC (3G8, BioLegend). Flow cytometry was 
conducted using a MoFlo-XDP Sorter (Beckman Coul-
ter). The gating strategy was described previously [15]. 
As depicted in Supplementary Fig. S1, we identified 
singlets by forward scatter area and height, followed by 
gating of lymphocytes and monocytes based on forward 
and side scatter characteristics. For CD3-positive T lym-
phocytes, CD4 and CD8 T cells were separated, followed 
by subgrouping into naïve (CD45RA + CCR7+), central 
memory (CD45RA-CCR7+), effector memory (CD45RA-
CCR7-), and terminally differentiated cells (CD45RA + 
CCR7-) for both CD4 and CD8 cells. The CD86-positive 
monocytes were divided into classical monocytes (CD14 
+ + CD16-), intermediate monocytes (CD14 + + CD16+), 
and non-classical monocytes (CD14 + CD16+). PBMC 
isolation, antibody staining, and flow cytometry analy-
sis were conducted at FEMH. Anti-CMV IgG titers were 
measured using the Elecsys® immunoassay (Roche).

Statistical analysis
Data were summarized using means and standard devia-
tions for continuous variables, frequencies for dichoto-
mous variables, and medians with interquartile ranges 
for non-normally distributed continuous variables. Cox 
regression was used to explore variables that predicted 
all-cause mortality, cardiovascular mortality, or infec-
tion-related mortality. Among them, all-cause mortal-
ity was the pre-specified primary outcome, whereas 
cardiovascular-related and infection-related mortality 
were secondary and exploratory endpoints. Because the 
cause-specific death outcomes were considered explor-
atory, we did not correct for significance values among 
analyzing different causes of death. In the multivariable 
model assessing the association between immune status 
and mortality, covariates were selected a priori based on 
established clinical knowledge. We adjusted for age, sex, 
recruiting institute, diabetes mellitus, hemoglobin, albu-
min, and C-reactive protein levels. No automated step-
wise (forward or backward) variable selection procedures 
were applied. The set was forced into the final model to 
ensure appropriate and transparent confounding con-
trol. Because the purpose is to test whether there is any 
(novel) component of immune phenotype that remain 
prognostic, a full adjustment of parameters was applied 
for a more robust test, Principal component analysis 
(PCA) was conducted to identify immune cell subset 
patterns; resulting principal components were named 
in order of the magnitude of the eigenvalues (PC1, PC2, 
PC3, etc.). Linear regression was applied to delineate the 
relationship between PC3 and age. Statistical analyses 
were conducted by GraphPad Prism version 10.4.

Results
Baseline characteristics of hemodialysis patients
Among 409 patients (Table 1), the average age was 61.7 
years (range 29.5–89.1 years) and the mean duration of 
dialysis was 6.23 years. Seventy-five patients died during 
the study, including 27 due to cardiovascular disease, 33 
due to infection, 8 due to malignancy, and 7 from other 
causes. Eleven patients were lost to follow-up following 
transfer to other institutes. Seven patients were seroneg-
ative for anti-CMV IgG. However, excluding the seroneg-
ative subjects in further analyses did not alter the results, 
presumably due to the limited representation in the study 
population. There were 16 patients who received prior 
kidney transplantation, yet none of them received immu-
nosuppressants due to the failed kidney graft. Compared 
with survivors at the end of the three-year follow-up, 
patients who died were older. They also had a higher 
prevalence of diabetes mellitus, lower hemoglobin, total 
cholesterol, and albumin levels, along with higher CRP 
levels, implying a chronic inflammatory state, even with-
out clinical disease at baseline. These alterations were 
not significant among the seven seronegative patients, 
compared with seropositive counterparts. Moreover, 
deceased patients had a trend toward elevated anti-CMV 
IgG titers, suggesting a potential adverse impact of CMV, 
possibly mediated by T lymphocyte alterations. The ele-
vated ages in CMV seropositive patients highlight the 
intertwined effect between age, CMV, and adverse out-
come. Therefore, we further analyzed leukocyte subsets 
to assess their immune status.

Immune cell subset composition in hemodialysis patients
We characterized lymphocyte and monocyte populations 
as detailed in Methods (Table 2). Deceased patients had 
significantly lower percentages of both CD3-positive and 
CD3-negative lymphocytes, suggesting a decreased rep-
resentation of T cells, B cells, and NK cells. However, the 
absolute numbers of these cells are not significantly dif-
ferent. In contrast, both percentages and absolute counts 
of CD4 and CD8 naïve T cells were lower in non-survi-
vors, who had higher percentages and counts of CD4 
terminally differentiated cells whereas only percentages 
but not counts of CD8 terminally differentiated cells were 
significantly higher in non-survivors. No significant dif-
ferences were seen for myeloid cells, neither neutrophils 
nor any population of monocytes. These findings suggest 
that a more differentiated T cell population is linked to 
poorer survival in ESKD.

Aging-associated immune cell alterations in hemodialysis 
patients
To explore the nature of immune cell subsets, we inves-
tigated whether immune cell numbers correlate with age 
(Table 3). Increased age was associated with lower CD4 
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and CD8 T lymphocyte counts, although trends in their 
corresponding percentages appeared less distinct. Higher 
monocyte percentages and counts were also correlated 
with aging. Among T cell subsets, increased age corre-
lated with fewer naïve and more effector memory and 
terminally differentiated cells, in both the CD4 and CD8 
T cells, whether as percentages or absolute numbers. All 
three monocyte subsets also showed age-related accumu-
lation in absolute numbers, paralleling the trend of total 
monocyte counts, while monocyte subset distribution 
differences were less prominent in terms of percentage. 
These findings support the association between immune 
cell alterations and aging. The overlap between the mor-
tality-associated (Table  2) and age-associated immune 

cell subsets (Table  3) suggests that immunosenescence 
may serve as a link between aging and mortality.

Associations between individual immune cell subset 
counts and mortality
We then examined whether immune cell percentages and 
counts independently predicted mortality (Supplemen-
tary Table S1). In univariable Cox regression, CD4 and 
CD8 naïve cell percentages and counts were negatively 
associated with mortality, while CD4 effector memory 
and terminally differentiated cell percentages and abso-
lute counts were positively associated with mortality. In 
addition, CD3-negative lymphocyte and CD8 terminally 

Table 2  Baseline immune cell subset percentages and numbers
All (n = 409) Alive (n = 334) Dead (n = 75) P value

Percentage

Neutrophil 64.7 (8.7) 64.7 (8.1) 64.46 (11.0) 0.80

CD3 60.7 (14.1) 61.5 (13.4) 57.1 (16.5) 0.02
  CD3-negative lymphocyte 39.4 (14.1) 38.6 (13.4) 42.9 (16.5) 0.02
CD4 58.6 (10.5) 58.6 (10.6) 58.59 (9.7) 0.98

  Naïve T cells 31.1 (12.9) 32.1 (12.6) 26.84 (13.4) < 0.01
  Central memory T cells 43.8 (10.6) 43.9 (10.6) 43.09 (11.0) 0.54

  Effector memory T cells 23.3 (11.3) 22.3 (10.7) 27.75 (12.9) < 0.01
  Terminally differentiated T cells 1.8 (2.1) 1.7 (1.8) 2.33 (3.1) 0.02
CD8 29.4 (9.9) 29.2 (9.9) 29.49 (9.9) 0.89

  Naïve T cells 20.4 (14.5) 21.8 (14.7) 14.13 (11.7) < 0.01
  Central memory T cells 4.7 (4.4) 4.8 (4.5) 4.39 (3.7) 0.49

  Effector memory T cells 38.1 (14.5) 37.5 (14.0) 40.30 (16.6) 0.14

  Terminally differentiated T cells 36.8 (15.5) 35.9 (15.4) 41.18 (15.3) 0.01
  Monocyte 6.3 (2.0) 6.2 (2.0) 6.788 (1.9) 0.02
  Classical monocyte 65.8 (11.7) 65.6 (11.6) 66.43 (12.3) 0.60

  Intermediate monocyte 9.8 (6.2) 9.7 (6.0) 10.16 (7.1) 0.53

  Non-classical monocyte 14.6 (8.8) 14.8 (8.7) 13.7 (9.2) 0.34

Absolute number

Neutrophil 4205 (1625) 4195 (1570) 4248 (1863) 0.80

CD3 907.4 (414.1) 918.4 (387.8) 858.6 (515.3) 0.26

  CD3-negative lymphocyte 578.2 (288.1) 573.6 (287.1) 598.7 (293.7) 0.50

CD4 523 (232.6) 529.8 (218.5) 492.7 (287.2) 0.21

  Naïve T cells 164.5 (111.9) 171.6 (110.2) 133.1 (114.3) 0.01
  Central memory T cells 228.6 (116.2) 233.1 (113.1) 208.4 (127.8) 0.10

  Effector memory T cells 120.6 (86.4) 116.4 (74.1) 139.6 (126.6) 0.04
  Terminally differentiated T cells 9.3 (11.7) 8.7 (9.5) 11.7 (18.6) 0.04
CD8 275 (180.2) 277.6 (177.1) 263.6 (194.2) 0.54

  Naïve T cells 54.5 (61.9) 59.4 (65.5) 32.7 (35.5) < 0.01
  Central memory T cells 12.1 (13.9) 12.6 (14.4) 9.9 (11.5) 0.13

  Effector memory T cells 102.5 (83.6) 101.2 (76.7) 108.3 (109.5) 0.51

  Terminally differentiated T cells 105.8 (95.2) 104.3 (95.0) 112.7 (96.8) 0.49

  Monocyte 397.4 (177.9) 390.3 (176.3) 429.1 (182.5) 0.09

  Classical monocyte 264.4 (141.6) 259.1 (141.3) 287.9 (141.7) 0.11

  Intermediate monocyte 40.4 (33.9) 39.2 (31.7) 45.7 (42.1) 0.13

  Non-classical monocyte 56.3 (38.2) 56.1 (37.8) 57.4 (40.3) 0.78
Absolute numbers were expressed in count per µl. Immune cell subset numbers and percentages were shown as mean and standard deviation. P values represent 
unpaired t-tests between surviving and deceased individuals
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differentiated cell percentages were also mortality risk 
factors.

For multivariable regression in Model 1, after adjust-
ing for age, sex, and institute, CD4 naïve cell percentage, 
CD4 effector memory cell percentage, and CD8 naïve 
cell count remained statistically significant. However, in 
Model 2, which additionally adjusted for hemoglobin, 
diabetes, albumin, and CRP, only the number of CD4 
effector memory cells emerged as a significant predictor 
of mortality. The inconsistency among different models 
may indicate the instability of models with borderline 
effect sizes for individual immune cell subsets.

We move further to secondary outcomes of either 
cardiovascular or infection-related deaths thereaf-
ter. Similar inconsistency was noted when considering 

cardiovascular mortality. In univariable Cox regression, 
both percentages and absolute counts of CD4 effector 
memory cells predicted events. In contrast, CD8 naïve, 
CD8 terminally differentiated cells, and intermediate 
monocytes were significant predictors only in terms of 
percentage, while absolute counts of CD4 terminally dif-
ferentiated cells and non-classical monocytes were also 
significant predictors. For model 2, non-classical mono-
cyte percentages and counts were both cardiovascular 
mortality risk factors, along with CD4 effector memory 
cell counts.

For infection-related mortality, decreased CD4 and 
CD8 naïve cells were significant predictors in univariable 
regression, for either their percentages or counts. CD4 
effector memory and terminally differentiated cell per-
centage were also predictors. With adjustment in model 
1, CD4 naïve cell and non-classical monocyte percent-
ages and counts were negatively correlated with infec-
tion-related death. However, only CD4 naïve cell counts 
remained a consistent protective predictor in Model 2.

Among the cell subsets associated with mortality 
(Table  2) and those correlated with age (Table  3), CD4 
effector memory cell counts remained all-cause and car-
diovascular mortality predictors independent of age. 
Non-classical monocyte percentages and counts were 
cardiovascular death but not all-cause mortality predic-
tors, but CD4 naïve cell counts acted as a protector for 
infection-related death independent of age. These find-
ings highlight a complex interplay between age-depen-
dent and age-independent effects of immune cells. 
Meanwhile, repeated analysis to multiple subsets may 
confer risk to false positives. Individually, immune cell 
subsets provide limited predictive value for mortality.

Principal component analysis of immune cell subset 
patterns
We further hypothesized that summarizing immune cell 
counts into patterns of cell distribution enhances their 
robustness of mortality prediction. First, we examined 
the correlation matrix of immune cell counts (Fig.  1a). 
Several subsets showed positive correlations, such as 
CD4 and CD8 naïve cells, as well as CD4 and CD8 effec-
tor memory cells. Conversely, non-classical monocyte 
counts negatively correlated with CD8 naïve and CD8 
central memory cell numbers.

Next, we applied PCA to define immune cell subset 
patterns. Three principal components were extracted, 
namely PC1, PC2, and PC3, which explained 22.83%, 
16.78%, and 14.25% of the variance, respectively. The 
contributing proportion (Fig. 1b) and correlation coeffi-
cient (Fig. 1c) of each immune cell subset to the princi-
pal component were reported. Specifically, a higher PC1 
corresponded to higher lymphocyte counts (ρ = 0.92) and 
was equally contributed by CD4 central memory, CD4 

Table 3  Association between immune cell subset numbers and 
age

ρ 95% CI P value
Percentage

Neutrophil 0.02 −0.08 to 0.12 0.70

CD3-negative lymphocyte 0.14 0.04 to 0.24 < 0.01
CD4 −0.04 −0.14 to 0.06 0.40

  Naïve T cells −0.24 −0.33 to −0.15 < 0.01
  Central memory T cells −0.04 −0.14 to 0.06 0.38

  Effector memory T cells 0.24 0.15 to 0.34 < 0.01
  Terminally differentiated T cells 0.17 0.08 to 0.27 < 0.01
CD8 0.00 −0.10 to 0.10 0.97

  Naïve T cells −0.51 −0.58 to −0.44 < 0.01
  Central memory T cells −0.02 −0.12 to 0.08 0.67

  Effector memory T cells 0.14 0.04 to 0.24 < 0.01
  Terminally differentiated T cells 0.32 0.23 to 0.41 < 0.01
Monocyte 0.18 0.08 to 0.28 < 0.01
  Classical monocyte −0.02 −0.12 to 0.08 0.68

  Intermediate monocyte 0.07 −0.03 to 0.17 0.16

  Non-classical monocyte 0.01 −0.09 to 0.11 0.88

  Absolute number

  Neutrophil 0.05 −0.05 to 0.14 0.36

CD3-negative lymphocyte 0.11 0.01 to 0.21 0.03
CD4 −0.11 −0.21 to −0.01 0.02
  Naïve T cells −0.26 −0.35 to −0.16 < 0.01
  Central memory T cells −0.11 −0.20 to −0.01 0.03
  Effector memory T cells 0.12 0.02 to 0.22 0.01
  Terminally differentiated T cells 0.12 0.02 to 0.21 0.02
CD8 −0.07 −0.17 to 0.03 0.14

  Naïve T cells −0.49 −0.56 to −0.41 < 0.01
  Central memory T cells −0.09 −0.19 to 0.01 0.08

  Effector memory T cells 0.01 −0.09 to 0.11 0.89

  Terminally differentiated T cells 0.14 0.04 to 0.24 < 0.01
Monocyte 0.17 0.07 to 0.26 < 0.01
  Classical monocyte 0.13 0.03 to 0.23 0.01
  Intermediate monocyte 0.14 0.04 to 0.23 0.01
  Non-classical monocyte 0.11 0.01 to 0.21 0.02
Correlation between immune cell subsets and age. ρ, Spearman correlation 
coefficient. 95% CI, 95% confidence interval
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Fig. 1 (See legend on next page.)
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effector memory, CD8 effector memory, and CD8 ter-
minally differentiated cell numbers. A higher PC2 was 
linked to increased neutrophils, CD3-negative lympho-
cytes, classical monocytes, and intermediate monocytes, 
whereas CD4 and CD8 effector memory T cells were 
reduced. Meanwhile, PC2 also showed correlation with 
total leukocyte and monocyte counts (ρ = 0.60 and 0.66, 
respectively). Finally, a higher PC3 was associated with 
decreased CD4 naïve, CD4 central memory, CD8 naïve, 
and CD8 central memory cells, along with increased 
CD4 effector memory, CD8 effector memory cells, and 
non-classical monocytes. Notably, PC3 emerged inde-
pendently of extrinsic variables yet strongly aligned with 
age-associated immune cell changes (Table  3). Overall, 
the thirteen immune cell subsets were condensed into 
three principal components, capturing 53.85% of the 
variance.

Principal component scores and baseline characteristics
We then explored correlations between principal com-
ponent scores and baseline clinical parameters (Supple-
mentary Table S2). PC1 showed a positive correlation 
with hemoglobin, leukocyte count, serum albumin, and 
diabetes diagnosis. PC2 was positively correlated with 
hemoglobin, leukocyte count, CRP, and diabetes diagno-
sis. Interestingly, PC3 was positively correlated with age 
(ρ = 0.35, P < 0.01), leukocyte count, CRP, and log-trans-
formed anti-CMV IgG titers, while it was negatively cor-
related with hemoglobin and albumin. We also assessed 
the association between log-transformed anti-CMV 
IgG titers and other parameters. Log-transformed CMV 
IgG titer correlated with age (ρ = 0.12, P = 0.02) and low 
hemoglobin. These findings suggest that PC3 and anti-
CMV IgG titers may both function as markers of aging.

Associations between immune cell subset patterns and 
survival outcomes
To further investigate whether immune cell profiles are 
associated with clinical outcomes, patients were strati-
fied into three groups (Fig.  2): (1) the highest quintile 
of principal component scores, (2) the second, third, 
and fourth quintiles combined, and (3) the lowest quin-
tile. For PC1-based and PC2-based groupings, survival 
curves for all-cause mortality, cardiovascular mortality, 
and infection-related mortality did not differ significantly 
between groups. In contrast, patients in the highest PC3 
quintile had the poorest overall survival (P < 0.01). Addi-
tional exploratory analysis demonstrated that the highest 

PC3 quintile also possessed highest cardiovascular mor-
tality (P < 0.01) and highest infection-related mortality 
(P = 0.03), compared to other PC3 quintiles. Similar to 
Supplementary Table S2, when examining the baseline 
characteristics among PC3 quintile groups (Supplemen-
tary Table S3), patients with highest PC3 scores were 
associated older age, more anemic, more neutrophils, 
lower albumin, higher CRP, and higher CMV IgG titer. 
This highlighted the features of PC3 as aging and inflam-
mation markers.

At baseline, patients who died during follow-up tended 
to have higher CMV IgG titers (Table 1). Consequently, 
we also stratified patients into quintiles based on the 
CMV IgG titer. CMV IgG titer was a significant predic-
tor of overall survival and infection-related mortality 
(P = 0.04 and 0.01, respectively), but not cardiovascular 
death. These results may indicate that immune status, 
as captured by PC3 or CMV IgG titer—both aging-asso-
ciated parameters— was linked to mortality of different 
pathogenesis.

However, the principal components and CMV IgG 
titers were correlated with baseline characteristics (Sup-
plementary Table S2). To assess independent effects, we 
performed multivariable Cox regression (Table  4). In 
Model 1, age, sex, and institute were adjusted. Model 2 
was composed of hemoglobin, diabetes diagnosis, albu-
min, and CRP in addition to Model 1 variables. Model 3 
included the log CMV IgG titer in addition to Model 2 
variables. For all-cause mortality, PC3 was a significant 
predictor in univariable, multivariable Model 1, 2, and 
3. For cardiovascular mortality, PC2 was not significant 
in univariable or Model 1 but reached significance in 
Model 2 and Model 3. In contrast, PC3 consistently pre-
dicted cardiovascular death in univariable, Model 1, and 
Model 3 (with marginal significance in Model 2). Regard-
ing infection-related mortality, both PC3 and CMV IgG 
titers were significant in univariable regression but not in 
multivariable models. These findings establish immune 
status, captured by PC3, as an independent risk factor of 
mortality in hemodialysis patients.

For the check of multicollinearity among variables, 
VIFs (variance inflation factor) were all < 5 in model 1. 
For model 2 or model 3, those with higher VIF include 
age, hemoglobin, albumin, and CMV IgG. Consequently, 
model 4 was constructed, retaining age in addition to 
other low VIF variables. In that, all VIFs were below 5, 
without affecting the significance of PC3 on outcome 

(See figure on previous page.)
Fig. 1  Principal Component Analysis of Immune Cell Subset Numbers. A Correlogram displaying pairwise comparisons among 13 immune cell subsets. 
The number in each cell represents Spearman correlation coefficient, with colors ranging from red (+ 1.0) to blue (−1.0) based on correlation coefficient. B 
Contribution of each immune cell subset to the Principal Components. The number in each cell represents the proportion of contribution. The grayscale 
reflects the magnitude of their contribution. C Correlation between immune cell subset numbers to the Principal Components. The number in each cell 
represents Spearman correlation coefficient, with colors ranging from red (+ 1.0) to blue (−1.0) based on correlation coefficient
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Fig. 2  Patient survival based on principal component quintiles and CMV IgG quintiles. Patients were grouped according to quintiles of Principal Compo-
nent (PC1, PC2, and PC3) scores and anti-CMV IgG titers. Kaplan-Meier survival curves were generated for all-cause mortality, cardiovascular death, and 
infection-related death. P values represent log-rank tests for trend, demonstrating differences among survival curves. Higher PC3 and CMV IgG quintiles 
were associated with poorer patient survival. CMV IgG seronegative subjects were excluded from the CMV IgG quintile analysis
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prediction, confirming robustness of the finding (Supple-
mentary Table S4).

Comparison between immune signature model to single 
cell subset on association on mortality outcome
To appreciate the improvement in outcome prediction 
provided by the composite immune signature compared 
with individual cell subsets or clinical variables alone, 
we performed AICc-based model comparison between 
either immune signature or single cell subset (naive CD4 
T cell or naive CD8 T cell) as the parameter of inter-
est, utilizing multicollinearity-free model 4. The PC3 
immune-signature model was the top-ranked model 
(ΔAICc = 0.00, Akaike weight wi = 0.55) and received 55% 
of the total model support (Supplementary Table S5). 
It outperformed the next-best single cell model (naive 
CD8-only) by an evidence ratio of 1.3 and the clinical 
baseline model by an evidence ratio of 11.8.

Characterization of immune signature among different 
causes of death
The prognostic significance of principal components on 
survival was depicted in Fig. 2 and Table 4. Furthermore, 
we were also interested in whether patients who died of 
different causes possessed distinct immune signatures. 
Thus, distribution of principal component scores was 
compared between deaths caused by cardiovascular dis-
eases, infectious diseases, and oncologic diseases (Sup-
plementary Fig. S2). However, statistical tests between 
groups did not show significant differences, either among 
the three groups or between pair-wise comparisons. This 
may indicate the effect of immune profile per se may 
need to be considered in concert with other parameters.

Partitioning the age-independent effect of PC3 on 
mortality
PC3 was identified as an independent risk factor of mor-
tality (Table  4). However, PC3 was positively correlated 
with age (Supplementary Table 1), suggesting that its 
association with mortality might be partially explained 
by age-related immune changes. Whereas immune age-
ing was partly driven by chronological age, the persistent 
association of the PC3 with mortality after adjustment 
for age and other variables suggested that additional age-
independent pathways contributed to the immune phe-
notype and its prognostic impact. To better understand 
additional age-independent effects, we examined the 
distribution of PC3 across different ages (Supplementary 
Fig. S3A). Using simple linear regression, we estimated 
the expected PC3 value based on age (PC3 = 0.03615 
× age − 2.229, R² = 0.1043). The difference between the 
actual PC3 and the age-expected PC3 (‘PC3 residual’) 
represents the age-independent immune component.

To assess the prognostic value of the age-independent 
PC3 component, we substituted PC3 with the PC3 resid-
ual in Cox regression models. The PC3 residual demon-
strated the same hazard ratios and statistical significance 
as PC3 in both Model 1 and Model 2, both including age 
as an independent variable. This confirms that the asso-
ciation between PC3 and mortality is not solely driven by 
age but also reflects intrinsic immune dysfunction.

To further illustrate this effect, we estimated an 
immune-adjusted age, a hypothetical age accounting for 
the combined risk of death predicted from age and PC3 
residual. To assess the contribution of PC3 to estimated 
risk of death, we generated a scatter plot to demonstrate 
how this immune-adjusted age deviates from the chron-
ological age (Supplementary Fig. S3B). Wherever an 
immune-adjusted age was higher than their chronologi-
cal age, it suggested an accelerated immunosenescence 
outpaced the age-predicted extent of immune aging, with 
an equivalent age difference of 0.36 (IQR − 3.52 to + 3.50) 
years. These findings indicate that immune status, as 
reflected by PC3, varies among patients independent of 
their age and may serve as a mortality risk determinant in 
hemodialysis patients.

Overall, our findings highlight the clinical relevance of 
immune profiling in hemodialysis patients and suggest 
that immune dysfunction, as captured by PC3, enhances 
risk stratification beyond chronological age.

Discussion
The immune system is critical for health and has long 
been recognized for its impact on disease outcomes. 
However, the clinical assessment of immune function 
has largely been confined to identifying states of immu-
nodeficiency. This limited scope fails to account for the 
nuanced yet clinically significant immune alterations 
occurring in chronic diseases, which may contribute to 
impaired outcomes. Our findings indicate that a spe-
cific pattern of immune cell composition independently 
predicts all-cause mortality and cardiovascular death 
in ESKD. This principal component reflects both aging 
and additional age-independent immune dysfunction, 
underscoring the role of immune alterations in patient 
survival. As a novel example of immune profiling for 
outcome prediction in ESKD, our study demonstrates a 
pattern-based approach to provide a comprehensive view 
of immune dysfunction and its independent contribution 
to mortality.

While immune cell alterations in ESKD have been 
documented[14, 30], most analyses have focused on a 
limited number of cell types [25, 26, 28, 31–33]. How-
ever, immune cell subsets can exhibit strong correlations 
(Fig. 1a); thus, associations based on a single subset may 
be confounded by interrelated immune dynamics. This 
highlights the need for multidimensional profiling to 
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capture the coordinated alterations in the immune sys-
tem. For example, while CD4 effector memory cells were 
associated with mortality (Supplementary Table S1), they 
were not the strongest contributor to death-predicting 
PC3 (Fig. 1c). This suggests that although CD4 effector 
memory cell expansion reflects one aspect of immune 
status, the broader immune landscape, including other 
cells, better predicts adverse outcomes.

Although we did not incorporate heathy subjects as a 
reference for comparison, the dialysis patients-derived 
PC3 still presented a striking similarity to known 
immune alteration observed in dialysis patients and aging 
individuals. Xiang et al. reported that decreased naive 
T cells, decreased CD4 naive T cells, and accumulation 
of CD8 memory T cells were associated with mortality 
in dialysis patients [28]. Research from the same group 
also pointed out that decreased CD4 naive T cells were 
associated with cardiovascular events, whereas decreased 
CD8 naive T cells were associated with infection events 
[27]. The similar yet non-identical prognostic values of 
various naive and differentiated T cells reflected the com-
plex interplay between immune cell subsets, supporting 
the utilization of summative tool to capture the whole 
picture at the same time. In line with this, a report from 
Heine et al. showed that monocyte 2 was associated with 
cardiovascular events [25]. Along with the known prema-
ture aging of immune system in dialysis patients [15, 16] 
and the reported immune aging effect on prognosis in 
heathy individuals, [29] we believed our result added sup-
port for immune aging acting as the cause of premature 
death in dialysis patients,

Besides death-predicting PC3, PC1 correlated with 
total lymphocyte count, a susceptibility marker for 
virus infections [34] and malignancies [35]. Consis-
tently, a higher PC1 score showed a trend toward protec-
tion against infection-related mortality (Table 4), likely 
reflecting the role of lymphocytes to combat infection, 
whereas PC2 was associated with total leukocyte, neu-
trophil and monocyte counts, likely reflecting innate 
immune status. In survival analyses (Fig. 2), mid-PC1 
quintiles and mid-PC2 quintiles were better indicators 
than the highest or lowest quintiles. This may represent 
the advantage of maintaining homeostasis, which cannot 
be captured by proportional hazard models.

The overrepresentation of non-classical monocytes in 
PC3 aligns with their role in inflammaging[36], athero-
sclerotic cardiovascular disease[37, 38], and frailty with 
premature death [6]. In coronary artery disease, non-
classical monocytes have been associated with endo-
thelial dysfunction[39], which may also be driven by 
senescent T lymphocytes[40], particularly in a uremic 
environment[41], illustrating a concerted effect of mono-
cytes and T lymphocytes on immunosenescence-related 
pathology.

The distinctions between PC3 and CMV IgG titers 
are intriguing. Increased age was associated with both 
parameters being higher (Supplementary Table 1). The 
highest quintiles of PC3 and CMV IgG titer were both 
associated with the poorest survival (Fig.  2). Neverthe-
less, after adjustment, PC3 independently predicted all-
cause and cardiovascular mortality, whereas CMV IgG 
titers were associated with infection-related death only 
in univariable analysis. While both reflect immunose-
nescence, possibly driven by CMV infection, PC3 may 
capture a broader immune cell landscape, whereas CMV 
IgG titer primarily reflects humoral response, a restricted 
component of immunity.

While iESRD represents the largest cohort dedicated 
to investigating immunity in hemodialysis patients, 
our study has several limitations. The event numbers of 
cause-specific mortality were limited; their correspond-
ing analyses should be interpreted with caution. We did 
not incorporate external cohorts to validate the predic-
tive ability of immune cell patterns. Additionally, given 
the CMV seropositivity of our subjects, cell patterns may 
differ in seronegative patients, of which had too few (only 
seven) for analysis. Meanwhile, BMI was not included in 
the data set, which may also reflect the protein-energy 
wasting status, additionally contributing to chronic 
inflammation. Other immune cells not definitively iden-
tified, such as B cells, NK cells, and myeloid-derived 
suppressor cells, may represent additional aspects of 
immune dysfunction [31, 42, 43]. Finally, generalization 
into other ethnicities should consider the nature of our 
Taiwanese cohort.

In conclusion, we identified distinct aging-associated 
immune cell patterns in ESKD, characterized by the 
greater loss of naïve cells and increased accumulation of 
differentiated T lymphocytes and non-classical mono-
cytes. This immune profile was linked to mortality inde-
pendently of other risk factors. Our findings highlight 
the coordinated nature of immune alterations in dialysis 
patients and underscore the potential clinical utility of 
immune profiling. Future research is needed to deter-
mine whether immune monitoring can be successfully 
applied in other chronic disease populations.

Supplementary Information
The online version contains supplementary material available at ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​​1​1​8​6​​/​s​​1​2​9​7​9​-​0​2​5​-​0​0​5​5​4​-​4.

Supplementary Material 1.

Acknowledgements
We would like to appreciate the valuable discussions and suggestions from 
Dr. Hsiu-Jung Liao, National Yang Ming Chiao Tung University, Dr. Ju-Yeh Yang 
and Dr. Hon-Yen Wu, Far Eastern Memorial Hospital, and Dr. Tzu-Hung Hsiao, 
Taichung Veterans General Hospital.

https://doi.org/10.1186/s12979-025-00554-4
https://doi.org/10.1186/s12979-025-00554-4


Page 13 of 14Shu et al. Immunity & Ageing            (2026) 23:4 

Authors’ contributions
TOY and YLC generated the research idea and designed the study. FJY, 
WCT, YSP, and SPH acquired the data. KHS, TOY, YFC, and YLC analyzed and 
interpreted the data. KHS and TOY performed statistical analysis. GP and 
YLC supervised the whole study. All authors were involved in writing the 
manuscript and approved the final version.

Funding
This work was supported by Far Eastern Memorial Hospital grants FEMH-
2015-C-007, FEMH-2017-C-038, FEMH-2019-C-047, FEMH-2022-C-008, FEMH-
2024-C-010, Ministry of Science and Technology grants 104–2314-B-418-017, 
105–2314-B-418-002, Far Eastern Memorial Hospital-National Taiwan University 
collaboration grant 104-FTN17, and Far Eastern Memorial Hospital-National 
Yang Ming University collaboration grants 105-FN13 and 106-DN13. The 
funders or institutions of the authors had no role in study design, collection/
analysis/interpretation of data, writing the report, or the decision to submit 
the report for publication.

Data availability
Raw data are not publicly available due to the confidentiality statement in 
the consent form approved by the ethical committee of Far Eastern Memorial 
Hospital. Anonymized participant data, flow cytometry files, and statistical 
analysis results are available upon reasonable request to the corresponding 
author after approval by the ethical committee of Far Eastern Memorial 
Hospital.

Declarations

Ethics approval and consent to participate
This study was approved by the Research Ethics Committee of both 
institutions (FEMH 103084-E and NTUYL 201511092 RINA). All participants 
provided written informed consent.

Consent for publication
Not applicable.

Competing interests
Graham Pawelec is the co-Editor-in-Chief of Immunity & Ageing but had no 
involvement in the review process. All other authors declare that they have no 
competing interests.

Author details
1Nephrology Division, Department of Medicine, Far Eastern Memorial 
Hospital, New Taipei City, Taiwan
2Graduate Institute of Immunology, College of Medicine, National Taiwan 
University, Taipei, Taiwan
3Nuffield Department of Population Health, University of Oxford, Oxford, 
UK
4Institute of Immunology, University of Tübingen, Tübingen, Germany
5School of Medicine, College of Medicine, National Taiwan University, 
Taipei, Taiwan
6Department of Internal Medicine, National Taiwan University Hospital, 
Taipei, Taiwan
7Department of Medical Genetics, National Taiwan University Hospital, 
Taipei, Taiwan
8Institute of Public Health, School of Medicine, National Yang Ming Chiao 
Tung University, Taipei, Taiwan
9Graduate Institute of Clinical Medicine, College of Medicine, National 
Taiwan University, Taipei, Taiwan
10Graduate Institute of Medicine, Yuan Ze University, Taoyuan, Taiwan

Received: 12 October 2025 / Accepted: 15 December 2025

References
1.	 Kato S, Chmielewski M, Honda H, et al. Aspects of immune dysfunction in 

end-stage renal disease. Clin J Am Soc Nephrol. 2008;3(5):1526–33. ​h​t​t​p​​s​:​/​​/​d​o​
i​​.​o​​r​g​/​​1​0​.​​2​2​1​5​​/​c​​j​n​.​0​0​9​5​0​2​0​8.

2.	 Betjes MG. Immune cell dysfunction and inflammation in end-stage renal 
disease. Nat Rev Nephrol. 2013;9(5):255–65. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​n​​r​n​e​p​h​.​2​
0​1​3​.​4​4.

3.	 Cobo G, Lindholm B, Stenvinkel P. Chronic inflammation in end-stage renal 
disease and dialysis. Nephrol Dial Transplant. 2018;33(suppl_3):iii35–40. ​h​t​t​p​​s​:​
/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​3​​/​n​​d​t​/​g​f​y​1​7​5.

4.	 Furman D, Campisi J, Verdin E, et al. Chronic inflammation in the etiology of 
disease across the life span. Nat Med. 2019;25(12):1822–32. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​
.​​1​0​3​8​​/​s​​4​1​5​9​1​-​0​1​9​-​0​6​7​5​-​0.

5.	 Kooman JP, Kotanko P, Schols AM, et al. Chronic kidney disease and prema-
ture ageing. Nat Rev Nephrol. 2014;10(12):732–42. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​n​​r​
n​e​p​h​.​2​0​1​4​.​1​8​5.

6.	 Ferrucci L, Fabbri E. Inflammageing: chronic inflammation in ageing, cardio-
vascular disease, and frailty. Nat Rev Cardiol. 2018;15(9):505–22. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​5​6​9​-​0​1​8​-​0​0​6​4​-​2.

7.	 Liberale L, Montecucco F, Tardif J-C, et al. Inflamm-ageing: the role of 
inflammation in age-dependent cardiovascular disease. Eur Heart J. 
2020;41(31):2974–82. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​3​​/​e​​u​r​h​e​a​r​t​j​/​e​h​z​9​6​1.

8.	 Leonardi GC, Accardi G, Monastero R, et al. Ageing: from inflammation to 
cancer. Immun Ageing. 2018;15(1):1. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​s​​1​2​9​7​9​-​0​1​7​-​0​1​1​
2​-​5. /01/19 2018.

9.	 Akbar AN, Henson SM, Lanna A. Senescence of T lymphocytes: implications 
for enhancing human immunity. Trends Immunol. 2016;37(12):866–76. ​h​t​t​p​​s​:​
/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​i​t​.​2​0​1​6​.​0​9​.​0​0​2.

10.	 Stefanidis I, Voliotis G, Papanikolaou V, et al. Telomere length in peripheral 
blood mononuclear cells of patients on chronic hemodialysis is related with 
telomerase activity and treatment duration. Artif Organs. 2015;39(9):756–64. ​
h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​a​​o​r​.​1​2​4​5​3.

11.	 Mittelbrunn M, Kroemer G. Hallmarks of T cell aging. Nat Immunol. 
2021;22(6):687–98. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​5​9​0​-​0​2​1​-​0​0​9​2​7​-​z.

12.	 Ferguson FG, Wikby A, Maxson P, et al. Immune parameters in a longitudinal 
study of a very old population of Swedish people: a comparison between 
survivors and nonsurvivors. J Gerontol Biol Sci Med Sci Nov. 1995;50(6):B378–
82. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​3​​/​g​​e​r​o​n​a​/​5​0​a​.​6​.​b​3​7​8.

13.	 Wikby A, Ferguson F, Forsey R, et al. An immune risk phenotype, cognitive 
impairment, and survival in very late life: impact of allostatic load in Swedish 
octogenarian and nonagenarian humans. J Gerontol A Biol Sci Med Sci. 
2005;60(5):556–65. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​3​​/​g​​e​r​o​n​a​/​6​0​.​5​.​5​5​6.

14.	 Yoon JW, Gollapudi S, Pahl MV, et al. Naïve and central memory T-cell lym-
phopenia in end-stage renal disease. Kidney Int. 2006;70(2):371–6. ​h​t​t​p​​s​:​/​​/​d​o​i​​
.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​j​.​k​i​.​5​0​0​1​5​5​0.

15.	 Chiu YL, Shu KH, Yang FJ, et al. A comprehensive characterization of aggra-
vated aging-related changes in T lymphocytes and monocytes in end-stage 
renal disease: the iESRD study. Immun Ageing. 2018;15:27. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​
1​1​8​6​​/​s​​1​2​9​7​9​-​0​1​8​-​0​1​3​1​-​x.

16.	 Betjes MG, Langerak AW, van der Spek A, et al. Premature aging of Circulating 
T cells in patients with end-stage renal disease. Kidney Int Jul. 2011;80(2):208–
17. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​k​​i​.​2​0​1​1​.​1​1​0.

17.	 Hearps AC, Martin GE, Angelovich TA, et al. Aging is associated with chronic 
innate immune activation and dysregulation of monocyte phenotype and 
function. Aging Cell. 2012;11(5):867–75. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​1​1​​/​j​​.​1​4​​7​4​-​​9​7​2​6​​.​2​​
0​1​2​.​0​0​8​5​1​.​x.

18.	 Larbi A, Fulop T. From “truly naïve” to “exhausted senescent” T cells: when 
markers predict functionality. Cytometry A. 2014;85(1):25–35. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​
1​0​.​​1​0​0​2​​/​c​​y​t​o​.​a​.​2​2​3​5​1.

19.	 Ingersoll MA, Platt AM, Potteaux S, et al. Monocyte trafficking in acute and 
chronic inflammation. Trends Immunol. 2011;32(10):470–7. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​
.​​1​0​1​6​​/​j​​.​i​t​.​2​0​1​1​.​0​5​.​0​0​1.

20.	 Cao Y, Fan Y, Li F, et al. Phenotypic and functional alterations of monocyte 
subsets with aging. Immun Ageing. 2022;19(1):63. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​s​​1​
2​9​7​9​-​0​2​2​-​0​0​3​2​1​-​9.

21.	 Macaulay R, Akbar AN, Henson SM. The role of the T cell in age-related inflam-
mation. Age (Dordr). 2013;35(3):563–72. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​0​7​​/​s​​1​1​3​5​7​-​0​1​
2​-​9​3​8​1​-​2.

22.	 Crépin T, Legendre M, Carron C, et al. Uraemia-induced immune senescence 
and clinical outcomes in chronic kidney disease patients. Nephrol Dial Trans-
plant. 2020;35(4):624–32. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​9​3​​/​n​​d​t​/​g​f​y​2​7​6.

23.	 United States Renal Data System. 2024 USRDS Annual Data Report: Epidemi-
ology of kidney disease in the United States. 2024. https://adr.usrds.org/2024.

24.	 Hsu C-C, Liao C-T, Lin M-Y et al. Summary of the 2021 Annual Report on 
Kidney Disease in Taiwan. Acta Nephrologica. 2022;36(4):169–179. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​
o​​r​g​/​​1​0​.​​6​2​2​1​​/​a​​n​.​2​0​2​2​1​2​_​3​6​(​4​)​.​0​0​0​1.

https://doi.org/10.2215/cjn.00950208
https://doi.org/10.2215/cjn.00950208
https://doi.org/10.1038/nrneph.2013.44
https://doi.org/10.1038/nrneph.2013.44
https://doi.org/10.1093/ndt/gfy175
https://doi.org/10.1093/ndt/gfy175
https://doi.org/10.1038/s41591-019-0675-0
https://doi.org/10.1038/s41591-019-0675-0
https://doi.org/10.1038/nrneph.2014.185
https://doi.org/10.1038/nrneph.2014.185
https://doi.org/10.1038/s41569-018-0064-2
https://doi.org/10.1038/s41569-018-0064-2
https://doi.org/10.1093/eurheartj/ehz961
https://doi.org/10.1186/s12979-017-0112-5
https://doi.org/10.1186/s12979-017-0112-5
https://doi.org/10.1016/j.it.2016.09.002
https://doi.org/10.1016/j.it.2016.09.002
https://doi.org/10.1111/aor.12453
https://doi.org/10.1111/aor.12453
https://doi.org/10.1038/s41590-021-00927-z
https://doi.org/10.1093/gerona/50a.6.b378
https://doi.org/10.1093/gerona/60.5.556
https://doi.org/10.1038/sj.ki.5001550
https://doi.org/10.1038/sj.ki.5001550
https://doi.org/10.1186/s12979-018-0131-x
https://doi.org/10.1186/s12979-018-0131-x
https://doi.org/10.1038/ki.2011.110
https://doi.org/10.1111/j.1474-9726.2012.00851.x
https://doi.org/10.1111/j.1474-9726.2012.00851.x
https://doi.org/10.1002/cyto.a.22351
https://doi.org/10.1002/cyto.a.22351
https://doi.org/10.1016/j.it.2011.05.001
https://doi.org/10.1016/j.it.2011.05.001
https://doi.org/10.1186/s12979-022-00321-9
https://doi.org/10.1186/s12979-022-00321-9
https://doi.org/10.1007/s11357-012-9381-2
https://doi.org/10.1007/s11357-012-9381-2
https://doi.org/10.1093/ndt/gfy276
https://adr.usrds.org/2024
https://doi.org/10.6221/an.202212_36(4).0001
https://doi.org/10.6221/an.202212_36(4).0001


Page 14 of 14Shu et al. Immunity & Ageing            (2026) 23:4 

25.	 Heine GH, Ulrich C, Seibert E, et al. CD14(++)CD16 + monocytes but not total 
monocyte numbers predict cardiovascular events in dialysis patients. Kidney 
Int. 2008;73(5):622–9. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​j​.​k​i​.​5​0​0​2​7​4​4.

26.	 Brandt S, Ewert L, Scurt FG, et al. Altered monocytic phenotypes are linked 
with systemic inflammation and may be linked to mortality in dialysis 
patients. Sci Rep. 2019;9(1):19103. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​5​9​8​-​0​1​9​-​5​5​5​9​
2​-​y.

27.	 Xiang F, Cao X, Chen X, et al. Decreased peripheral naïve T cell number and 
its role in predicting cardiovascular and infection events in hemodialysis 
patients. Front Immunol. 2021;12:644627. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​3​3​8​9​​/​f​​i​m​m​u​.​2​0​2​
1​.​6​4​4​6​2​7.

28.	 Xiang F, Chen R, Cao X, et al. Premature aging of circulating T cells predicts 
all-cause mortality in hemodialysis patients. BMC Nephrol. 2020;21(1):271. ​h​t​t​
p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​s​​1​2​8​8​2​-​0​2​0​-​0​1​9​2​0​-​8.

29.	 Alpert A, Pickman Y, Leipold M, et al. A clinically meaningful metric of 
immune age derived from high-dimensional longitudinal monitoring. Nat 
Med. 2019;25(3):487–95. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​5​9​1​-​0​1​9​-​0​3​8​1​-​y.

30.	 Litjens NH, van Druningen CJ, Betjes MG. Progressive loss of renal function 
is associated with activation and depletion of naive T lymphocytes. Clin 
Immunol. 2006;118(1):83–91. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​c​l​i​m​.​2​0​0​5​.​0​9​.​0​0​7.

31.	 Molina M, Allende LM, Ramos LE, et al. CD19(+) B-cells, a new biomarker of 
mortality in hemodialysis patients. Front Immunol. 2018;9:1221. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​
g​/​​1​0​.​​3​3​8​9​​/​f​​i​m​m​u​.​2​0​1​8​.​0​1​2​2​1.

32.	 Lioulios G, Fylaktou A, Xochelli A, et al. Hemodiafiltration may be associated 
with senescence-related phenotypic alterations of lymphocytes, which may 
predict mortality in patients undergoing dialysis. Int J Mol Sci. 2024. ​h​t​t​p​​s​:​/​​/​d​
o​i​​.​o​​r​g​/​​1​0​.​​3​3​9​0​​/​i​​j​m​s​2​5​2​0​1​0​9​2​5.

33.	 Xiang F, Sun L, Cao X, et al. CD73 as a T cell dysfunction marker predicting 
cardiovascular and infection events in patients undergoing hemodialysis. Clin 
Chim Acta. 2024;555:117791. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​1​6​​/​j​​.​c​c​a​.​2​0​2​4​.​1​1​7​7​9​1.

34.	 Paules CI, Nordwall JA, Shaw-Saliba K, et al. Blood absolute lymphocyte count 
and trajectory are important in understanding severe COVID-19. BMC Infect 
Dis. 2025;25(1):67. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​s​​1​2​8​7​9​-​0​2​4​-​1​0​4​2​8​-​7.

35.	 Conroy MR, O’Sullivan H, Collins DC, et al. Exploring the prognostic impact 
of absolute lymphocyte count in patients treated with immune-checkpoint 
inhibitors. BJC Reports. 2024;2(1):31. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​4​2​7​6​-​0​2​4​-​0​0​0​
5​8​-​6.

36.	 Ong SM, Hadadi E, Dang TM, et al. The pro-inflammatory phenotype of the 
human non-classical monocyte subset is attributed to senescence. Cell 
Death Dis. 2018;9(3):266. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​4​1​9​-​0​1​8​-​0​3​2​7​-​1.

37.	 Tahir S, Steffens S. Nonclassical monocytes in cardiovascular physiology and 
disease. Am J Physiol Cell Physiol. 2021;320(5):C761–70. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​
5​2​​/​a​​j​p​c​e​l​l​.​0​0​3​2​6​.​2​0​2​0.

38.	 Feinstein MJ, Doyle MF, Stein JH, et al. Nonclassical monocytes 
(CD14dimCD16+) are associated with carotid intima-media thickness 
progression for men but not women. Arterioscler Thromb Vasc Biol. 
2021;41(5):1810–7. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​6​1​​/​A​​T​V​B​A​H​A​.​1​2​0​.​3​1​5​8​8​6.

39.	 Urbanski K, Ludew D, Filip G, et al. CD14(+)CD16(++) “nonclassical” mono-
cytes are associated with endothelial dysfunction in patients with coronary 
artery disease. Thromb Haemost. 2017;117(5):971–80. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​6​0​​
/​t​​h​1​6​-​0​8​-​0​6​1​4.

40.	 Nakajima T, Schulte S, Warrington KJ, et al. T-cell–mediated lysis of endothelial 
cells in acute coronary syndromes. Circulation. 2002;105(5):570–5. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​
o​​r​g​/​​1​0​.​​1​1​6​1​​/​h​​c​0​5​0​2​.​1​0​3​3​4​8.

41.	 Kim HY, Yoo TH, Hwang Y, et al. Indoxyl sulfate (IS)-mediated immune 
dysfunction provokes endothelial damage in patients with end-stage renal 
disease (ESRD). Sci Rep. 2017;7(1):3057. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​0​3​8​​/​s​​4​1​5​9​8​-​0​1​7​-​0​
3​1​3​0​-​z.

42.	 Nagai K. Dysfunction of natural killer cells in end-stage kidney disease on 
hemodialysis. Ren Replace Ther. 2021;7(1):8. ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​​1​1​8​6​​/​s​​4​1​1​0​0​-​0​
2​1​-​0​0​3​2​4​-​0.

43.	 Xing YF, Cai JR, Qin JJ, et al. Expansion of monocytic myeloid-derived sup-
pressor cells in patients under hemodialysis might lead to cardiovascular and 
cerebrovascular events. Front Immunol. 2020;11:577253. ​h​t​t​p​s​:​​​/​​/​d​o​​i​.​​o​r​​g​​/​​1​0​​.​3​
3​​​8​9​​/​f​i​​m​m​u​.​2​​0​2​0​.​5​7​7​2​5​3.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.1038/sj.ki.5002744
https://doi.org/10.1038/s41598-019-55592-y
https://doi.org/10.1038/s41598-019-55592-y
https://doi.org/10.3389/fimmu.2021.644627
https://doi.org/10.3389/fimmu.2021.644627
https://doi.org/10.1186/s12882-020-01920-8
https://doi.org/10.1186/s12882-020-01920-8
https://doi.org/10.1038/s41591-019-0381-y
https://doi.org/10.1016/j.clim.2005.09.007
https://doi.org/10.3389/fimmu.2018.01221
https://doi.org/10.3389/fimmu.2018.01221
https://doi.org/10.3390/ijms252010925
https://doi.org/10.3390/ijms252010925
https://doi.org/10.1016/j.cca.2024.117791
https://doi.org/10.1186/s12879-024-10428-7
https://doi.org/10.1038/s44276-024-00058-6
https://doi.org/10.1038/s44276-024-00058-6
https://doi.org/10.1038/s41419-018-0327-1
https://doi.org/10.1152/ajpcell.00326.2020
https://doi.org/10.1152/ajpcell.00326.2020
https://doi.org/10.1161/ATVBAHA.120.315886
https://doi.org/10.1160/th16-08-0614
https://doi.org/10.1160/th16-08-0614
https://doi.org/10.1161/hc0502.103348
https://doi.org/10.1161/hc0502.103348
https://doi.org/10.1038/s41598-017-03130-z
https://doi.org/10.1038/s41598-017-03130-z
https://doi.org/10.1186/s41100-021-00324-0
https://doi.org/10.1186/s41100-021-00324-0
https://doi.org/10.3389/fimmu.2020.577253
https://doi.org/10.3389/fimmu.2020.577253

	﻿Aging-associated immune signature as a predictor of mortality in end-stage renal disease: results from the longitudinal iESRD study
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Study participants
	﻿Data collection
	﻿Immune cell subset quantification
	﻿Statistical analysis

	﻿Results
	﻿Baseline characteristics of hemodialysis patients
	﻿Immune cell subset composition in hemodialysis patients
	﻿Aging-associated immune cell alterations in hemodialysis patients
	﻿Associations between individual immune cell subset counts and mortality
	﻿Principal component analysis of immune cell subset patterns
	﻿Principal component scores and baseline characteristics
	﻿Associations between immune cell subset patterns and survival outcomes
	﻿Comparison between immune signature model to single cell subset on association on mortality outcome
	﻿Characterization of immune signature among different causes of death
	﻿Partitioning the age-independent effect of PC3 on mortality

	﻿Discussion
	﻿References


