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Background. For the growing numbers of older transplant patients, increased incidence of infection and death compared with
younger patients may limit the many benefits provided by transplantation. However, little is known about age-associated im-
mune dysfunction in the older transplant recipient. Methods. A cohort of 60 kidney transplant recipients, 23 older (≥ 60y)
and 37 younger (30-59y), matched on antithymocyte induction and donor type (living vs deceased) was evaluated. Gene ex-
pression in peripheral blood mononuclear cells 3 months after kidney transplantation was analyzed to compare differences
between older and younger patients. Results. Proinflammatory genes were upregulated in older kidney transplant patients,
including cytokines IL1-β and IL-6. Downregulated genes were associated with B-cell and T-cell function, including CCR7
and CD27. Analysis of predicted transcription factor binding suggested an increase in proinflammatory transcription factor
CCAAT/enhancer binding protein β-binding sites in older patients, whereas interferon regulatory factor 2 transcription factor
binding sites were less prevalent. Conclusions.Older kidney transplant recipients exhibited multiple differences in gene ex-
pression compared with younger patients, with upregulation of proinflammatory genes and downregulation of adaptive immune
response genes. These findings may explain the mechanism of increased vulnerability to infection and malignancy observed in
older transplant patients.

(Transplantation Direct 2019;5: e436; doi: 10.1097/TXD.0000000000000870. Published online 4 March, 2019.)
A lthough the number of older transplant recipients con-
tinues to grow, little is known about immune dysfunction

associated with aging in patients receiving immunosuppres-
sion. Under the current standard of care management, many
older patients may be overimmunosuppressed.1,2 Reaching a
better understanding of the mechanisms of immune dysfunc-
tion, including changes in transcriptional regulation between
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older and younger transplant recipients, can shed light on
the increased vulnerability of older patients to infection. Ul-
timately, developing the ability to noninvasively measure
immune function can lead to the ability to individualize im-
munosuppression regimens and risk stratify patients at in-
creased risk for adverse clinical outcomes. This approach
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has been applied successfully for the prediction of allograft
rejection in heart transplant recipients.3,4

Older transplant recipients experience increased rates of
infection and malignancy, but less rejection after transplanta-
tion.1,2,5 Increased incidence of infection includes bacterial
and fungal as well as viral infections.6,7 This observation sug-
gests that the immune dysfunction described in older adults
also plays an important role in posttransplant outcomes
and that improving our understanding of the interaction be-
tween age-associated immune dysfunction and administra-
tion of immunosuppression could improve our ability to
individualize immunosuppression regimens for older trans-
plant recipients.8 The types of immune dysfunction described
in older adults include terminal differentiation, immune se-
nescence, and exhaustion.9-12 At the same time, this immune
dysfunction is associated with increased inflammation and
“inflammaging,” which has been implicated as the cause be-
hind many age-associated illnesses.13-16 This question is im-
portant to study, given the increasing numbers of older
patients with chronic kidney disease and other end-stage or-
gan diseases, increasing the numbers of candidates for solid
organ transplantation. The number of older kidney trans-
plant recipients older than 65 years increased more than 4-
fold between 1988 and 2012, with 3315 patients older than
65 years undergoing kidney transplantation in 2014.1,17,18

Our previous work has identified immune phenotypes as-
sociated with older kidney transplant recipients, including
decrease in the frequency of naive T cells, increased terminal
differentiation and immunosenescence, and changes in the
frequency of monocyte subtypes. Other researchers have
demonstrated a decreased incidence of rejection in kidney
transplant recipients with an increased frequency of senes-
cent Tcells.19,20 These observations, however, do not address
the etiology of changes in immune phenotype in older trans-
plant recipients. Measuring changes in gene expression offers
the ability to determine the mechanism behind the immune
dysfunction in older transplant recipients. Evaluation of
changes in gene expression has revealed transcriptional
changes involved in aging.21,22

Although other researchers have evaluated transcriptional
changes between older and younger community-dwelling
adults, it remains unknown as to what impact the adminis-
tration of immunosuppression would have on age-associated
patterns of transcriptional regulation. Administration of tri-
ple immunosuppression, including calcineurin inhibitor, my-
cophenolate mofetil, and prednisone, might be predicted to
exert a “leveling” effect on patterns of gene transcription, lead-
ing to similar patterns of immune gene regulation regardless of
patient age. Therefore, it is important to evaluatewhether tran-
scriptional changes of aging persist during maintenance of im-
munosuppression.We present here an evaluation of changes in
gene transcription between a cohort of older and younger
transplant recipients receiving immunosuppression to examine
whether age-associated differences in gene expression can be
detected in older patients comparedwith younger patients on
identical immunosuppression regimens.

MATERIALS AND METHODS

Clinical Care

We enrolled kidney transplant recipients after transplanta-
tion at Ronald Reagan Medical Center. The University of
California, Los Angeles (UCLA) Institutional Review Board
approved this observational study. All patients signed an in-
formed consent. As described previously, inclusion criteria
were any adult kidney transplant recipient willing and able
to provide informed consent, and exclusion criteria were
the presence of active infection or rejection at the time of
the 3-month blood collection.23 Blood was collected for pe-
ripheral bloodmononuclear cell (PBMC) isolation at 3months
after transplantation during outpatient clinic visits, as previ-
ously described. We identified 23 older patients (older than
60 y) who had PBMC available for analysis. We addition-
ally identified an additional 37 kidney transplanted recip-
ients between the ages of 30 and 51 years for whom
PBMC were available, transplanted during the same era as
the older patients; these younger control patients were se-
lected to ensure a similar proportion of deceased versus living
donor and antithymocyte globulin (ATG) versus basiliximab
induction therapy to create a total cohort of 60 older and
younger patients. Patients were clinically stable at the time
of PBMC collection, without evidence of infection or rejection.
See Liang et al23 for full details regarding patient care, includ-
ing immunosuppression and antibiotic prophylaxis. Patients
received similar maintenance immunosuppression regimens
with protocolized target drug levels andmonitoring for infec-
tion as previously described. Donor information was ob-
tained by review of the UCLA electronic medical record to
obtain donor age, sex, cold ischemia time, and KidneyDonor
Profile Index (KDPI). Donor age was available for all pa-
tients, whereas donor sex was missing for 13 patients and
cold ischemia time was missing for 6 patients. KDPI was
available for 26 of 27 deceased donors.

Transcriptome Analysis

PBMCs were isolated and frozen for storage using stan-
dard techniques,24 followed by isolation of total ribonucleic
acid (RNA) (RNeasy, Qiagen) in the UCLA Biological
Samples Processing Core. Quality of the purified RNA
was verified on an Agilent 2100 Bioanalyzer; RNA Integ-
rity Number ranged from 7.8 to 9.7, with a median of 8.9.
RNA concentrations were determined using a NanoDrop
ND-1000 spectrophotometer (NanoDrop Technologies,
Wilmington, DE). RNAwas converted to fluorescent cRNA
and hybridized to IlluminaHumanHT-12 v4 BeadArrays fol-
lowing the manufacturer's standard protocol. Genomewide
transcriptional profiling was performed on isolated PBMC
from all 60 subjects in 1 batch. Standard quality assurance
metrics were applied to ensure validity of results. Assays were
performed by microarray for transcriptome analysis.25 As-
says were performed as previously described at the UCLA
Neuroscience Genomics Core.26

Statistical Analysis

Demographic differences between older patients and
younger patients were analyzed by Fisher's exact test using
JMP Pro 11 (SAS Software).

Gene expression values were quantile-normalized and
log2-transformed. Thirty-four thousand six hundred and sev-
enty-four gene transcripts were analyzed. Log2-transformed
values were subjected to general linear model analyses relat-
ing the expression of each assayed gene transcripts to patient
age while also controlling for the following variables: sex,
transplant type (deceased vs living donor), and induction
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type (basiliximab vs ATG). Because the sample size was lim-
ited, we did not attempt to perform any genomewide discov-
ery analysis to identify statistically significant associations
between specific individual gene transcripts and age (this
sample is underpowered for that type of analysis). Instead,
we used point estimates of association magnitude for each
gene as input into higher-order bioinformatics analyses test-
ing for age-related variations in the activity of predefined sets
of genes involved in a narrow range of specifically hypothe-
sized biological processes (eg, inflammation, interferon-
related antiviral responses, activity of specific transcription
factors, etc.), as described previously.27 These gene set-based
analyses have substantially greater statistical power than
analyses testing for individual transcript associations and
were therefore judged to be more feasible and appropriate
for the limited sample size available in this study. We list spe-
cific genes with point estimates of association greater than a
predefined cutoff, but these lists should be treated as descrip-
tive only and not interpreted as statistically significant at an
individual gene level.

Gene transcripts showing >1.25-fold difference in average
expression in older versus younger transplant patient groups
served as input into higher-order bioinformatics analyses
(fold-change threshold was established a priori to provide a
suitable number of input genes for well-powered gene set
analyses). Primary analyses examined specific transcription
control pathways that may have contributed to the observed
differences in gene expression. In these analyses, the list of
genes, which was upregulated (or downregulated) in older
compared with younger patients, served as an input into
higher-order bioinformatics analyses involving the Transcrip-
tion Element Listening System promoter-based bioinformatic
analysis.28 This analysis assessed the presence of NF-κB,
AP-1, interferon regulatory factor (IRF), and CREB and GR
family transcription factors linked to transcriptional regula-
tion of conserved transcriptional response to adversity
(CTRA) genes, as previously described.26

Transcript origin analysis was also applied to these gene
lists to identify the leukocyte subtypes mediating the ob-
served differences in gene expression, as previously de-
scribed.29 As described, every single gene in the genome has
a set of numerical scores indicating how predominately it is
expressed in each cell type relative to the other cell types ex-
amined. These scores are derived from a separate reference
study in which the different cell types were physically sepa-
rated and subject to individual transcriptome profiling (Gene
Expression Omnibus GSE1133), with score computation as
described (essentially expressing the average expression of
each gene in each cell type in terms of its standard deviation
difference from the average expression level in all other
PBMC cell types).29 These scores are averaged for all genes
identified as differentially expressed to provide a cell type
specificity score for each cell type analyzed, and that average
score is tested for statistically significant difference from the
mean cell type specificity score computed across all genes
assayed by the microarray (the population null hypothesis
value) using standard errors derived frombootstrap resampling.

Additional analyses were tested whether age was associ-
ated with differential expression of an a priori–defined set
of 53 genes involved in the CTRA, including hypothesized
upregulated expression of 19 proinflammatory genes
(IL1A, IL1B, IL6, IL8, TNF, PTGS1, PTGS2, FOS, FOSB,
FOSL1, FOSL2, JUN, JUNB, JUND, NFKB1, NFKB2,
REL, RELA, and RELB, each weighted +1 to reflect their
positive contribution to the CTRA profile); downregulated
expression of 31 genes involved in type I IFN responses
(GBP1, IFI16, IFI27, IFI27L1-2, IFI30, IFI35, IFI44,
IFI44L, IFI6, IFIH1, IFIT1-3, IFIT5, IFIT1L, IFITM1-3,
IFITM4P, IFITM5, IFNB1, IRF2, IRF7-8, MX1-2, OAS1-3,
and OASL, weighted −1 to reflect their inverse contribution
to the CTRA profile); and 3 genes involved in antibody syn-
thesis (IGJ, IGLL1, and IGLL3, weighted −1).26 Contrast
coefficient-weighted association statistics were averaged to
summarize the magnitude of association over the entire
CTRA gene set (as well as the inflammatory, antiviral, and
antibody-related gene subsets), and standard errors were de-
rived from 200 cycles of bootstrap resampled residual vec-
tors (to account for potential correlation among residuals
across genes).

To confirm that results were not confounded by differ-
ences between leukocyte subtypes within the total PBMC
pool, ancillary analyses also adjusted for leukocyte subset
frequency by controlling for the prevalence of transcripts
marking T lymphocytes (CD3D, CD3E, CD4, CD8A), B lym-
phocytes (CD19), natural killer cells (CD16/FCGR3A, CD56/
NCAM1), andmonocytes (CD14).30 Repeating the reported
analyses with adjustment for leukocyte frequency did not
affect the results.

RESULTS

Demographic Characteristics of Patients

Twenty-two patients older than 60 years who had under-
gone kidney transplantation (age, 60-80 y; median age, 67
y) and 38 younger patients (age, 34-51 y; median age, 43
y) were evaluated, as previously reported (Table 1).23 Older
patients had similar frequencies of deceased donors com-
pared with the cohort of younger patients (44% compared
with 46%, P = 1.000), and there were similar frequencies
of induction with ATG in the older compared with younger
patients (both 30%). There were, however, differences in un-
derlying cause of renal disease, with increased incidence of
diabetes and decreased incidence of polycystic kidney disease
in older patients (Table 1). Frequencies of demographic char-
acteristics were not significantly different in older compared
with younger patients, with 74% of older recipients of male
sex compared with 60% of younger patients (P = 0.282);
65% of older patients were white compared with 68% of
younger patients (P = 1.000). Donor characteristics differed
slightly by recipient age, with older patients generally receiv-
ing transplants from older donors, although the difference
was not very large (median donor age, 42 y for older com-
pared with 36 y for younger recipients; P = 0.034). Donor
sex and median cold ischemia time were not significantly dif-
ferent by recipient age group, although there was a trend to-
ward higher KDPI in older patients (Table 1). The CMV
antibody positivity of recipients was also similar between
older patients and younger patients (78% compared with
70%; P = 0.561). No patient was experiencing an acute epi-
sode of infection or rejection at the time of blood sample col-
lection. Although there was a trend toward increased rates of
infection and decreased rates of rejection in the older patient
group comparedwith the younger patient group, these differ-
ences did not reach statistical significance (Table 2).



TABLE 1.

Demographic and clinical characteristics and of older compared with younger kidney transplant recipients analyzed

Younger (<60) n = 37 Older (≥60) n = 23 P

Median age (range) 43 (34-51) 67 (60-80) N/Aa

Male sex 60% 74% 0.282
White race 68% 65% 1.000
Hispanic 41% 35% 0.787
Dialysis pretransplant 73% 91% 0.107
Diabetes pretransplant 32% 57% 0.106
Underlying cause of renal diseaseb 0.016
DM 27% 43%
HTN 11% 17%
GN 27% 13%
PKD 27% 0%
Other 8% 26%

Donor median age (range) 36 (19-70) 42 (1-70) 0.034
Donor male sex 55% 36% 0.341
Median cold ischemia time (range)c 12 (5-23) 15.5 (6-26) 0.519
KDPI, %c 32% 58% 0.062
Induction, ATG 30% 30% 1.000
Deceased donor 46% 44% 1.000
Tacrolimus used 95% 83% 0.200
Tacrolimus trough (mean, SD)d 9.7 (3.3) 10.1 (3.6) 0.806
MMF daily dose in g (mean, SD) 1.4 (0.7) 1.2 (1.2) 0.395
Prednisone daily dose in mg (mean, SD) 5.3 (1.6) 5.6 (3.1) 0.901
a N/A, not analyzed as groups defined based on age.
b Underlying cause of renal disease: DM (diabetes mellitus), HTN (hypertension), GN (glomerulonephritis including IgA nephropathy, focal glomerular sclerosis, and membranous glomerulonephritis), PKD (polycystic
kidney disease), or other (unknown, congenital disease, or obstructive).
c For deceased donors only.
d Immunosuppression drugs and troughs assessed at the time of immune analysis.

ATG, antithymocyte globulin; KDPI, Kidney Donor Profile Index; SD, standard deviation.

TABLE 2.

Clinical outcomes of older and younger kidney transplant
recipients during the first year after transplant

Younger (<60) (n = 38) Older (≥60) (n = 22) P

Rejection (ACR or AMR) 16% 9% 0.698
BK viremia (any level) 22% 35% 0.369
CMV viremia (any level) 24% 48% 0.091
Invasive infection 17% 16% 1.000
Death 0 4%
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Differences in Gene Transcript Expression in Older
Compared With Younger Patients

Genomewide transcriptional profiling revealed multiple
differences in PBMC gene expression in older compared with
younger kidney transplant recipients. Review of the top 25 up-
regulated genes revealed important proinflammatory genes or
important in the innate immune response (Table 3). These in-
cluded chemokine ligands, such as CCL3, CCL4, andCCL20.
In addition, defensins, cathepsin G, elastase, and azurocidin,
important in the innate immune response, and CD83, im-
portant for B cell activation, were upregulated. Proinflam-
matory cytokines, such as IL1-β, IL-6, and TNF, were also
identified. Additional genes up to 1.5� upregulated are
shown in Supplementary Material (Table S1, http://links.
lww.com/TXD/A188).

Review of the top 25 downregulated genes revealed many
transcripts important in B-cell and T-cell function (Table 4).
These included chemokine receptor CCR7, the surface cell-
signaling molecule CD27 important in T-cell activation,
lymphoid enhancer binding factor 1, HLA class I peptide
generation (ERAP2), and T-cell differentiation protein
(MAL) important in the adaptive immune response. Other
downregulated genes were involved in cellular growth and
metabolism, such as the Leucine Rich Repeat Neuronal 3
(LRRN3), important for brain development, protein C ki-
nase binding protein Neural EGFL Like 2 (NELL2), and
transfer RNA glutamine 1 (TRQ1). Additional genes up to
1.5� downregulated are shown in Supplementary Material
(Table S2, http://links.lww.com/TXD/A189).
Expression-based Monitoring of Transcription
Factor Activity

Application of a “Transcription Element Listening Sys-
tem” analysis to upregulated and downregulated transcripts
revealed enrichment of several transcription factors known
to be important in promotion or suppression of inflamma-
tion. In results consistent with the gene expression findings,
we found an increased prevalence of transcription factor
binding sites for CCAAT/enhancer binding protein β, an im-
portant transcription factor regulating proinflammatory re-
sponses, with a 3.38 ± 0.27 fold elevation of transcription
factor binding sites in genes upregulated in older patients
(P < 0.001). In contrast, analyses indicated age-related de-
creases in the activity of IRF2 transcription factor binding
(0.33 ± 0.43 fold, P < 0.001). Similarly, there was a predicted
decrease in AP1 activator protein, which is important for
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TABLE 3.

Top 25 upregulated genes in older compared with younger kidney transplant recipients

Upregulated genes Alias Fold difference Function

1 CCL3 C-C motif chemokine ligand (aka MIP1a ) 3.79 Proinflammatory
2 CCL3L1 C-C motif chemokine ligand 3 like 1 3.60 Proinflammatory
3 CCL3L3 C-C motif chemokine ligand 3 like 3 3.51 Proinflammatory
4 IL1B Interleukin 1b 3.18 Proinflammatory
5 LOC728835 C-C motif chemokine ligand 2 2.83 Proinflammatory
6 CCL4L2 C-C motif chemokine ligand 4 like 2 2.49 Proinflammatory
7 CCL4L1 C-C motif chemokine ligand 4 like 1 2.42 Proinflammatory
8 DEFA4 Defensin α 4 2.32 Innate immune response
9 LOC653600 Defensin α 1 2.22 Innate immune response
10 CCL20 C-C motif chemokine ligand 20 2.22 Proinflammatory
11 CTSG Cathepsin G 2.19 Innate immune response
12 CD83 B-cell activation protein 2.13 Proinflammatory
13 CXCL2 C-X-C motif chemokine ligand 2 2.12 Proinflammatory
14 ELANE Elastase, neutrophil expressed 2.06 Innate immune response
15 CEACAM6 Carcinoembryonic antigen-related cell adhesion molecule 6 2.04 Cellular adhesion
16 IL6 Interleukin 6 2.02 Proinflammatory
17 CEACAM8 Carcinoembryonic antigen-related cell adhesion molecule 8 1.96 Cell signaling
18 THBS1 Thrombospondin 1 1.94 Cell signaling
19 AZU1 Azurocidin 1 1.93 Innate immune response
20 TNF Tumor necrosis factor 1.92 Proinflammatory
21 RNASE3 Ribonuclease 3 1.82 Innate immune response
22 LOC338758 Unknown 1.78 Unknown
23 SGK1 Serum/glucocorticoid regulated kinase 1 1.77 Cell signaling
24 IER3 Immediate early response 3 1.76 Innate immune response
25 LTF Lactotransferrin 1.76 Innate immune response

Analyses adjusted for transplant type (deceased vs living), induction type (ATG vs basiliximab), and sex.
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cellular proliferation and differentiation (0.37 ± 0.39 fold,
P = 0.003) and early growth response (EGR)2 and EGR3,
which are important in T-cell anergy (0.33 ± 0.58 fold, P =
0.009, and 0.25 ± 0.59 fold, P = 0.003, respectively). In addi-
tion, 2 transcription factors important for B-cell function
were also found to be downregulated, namely IK2, IKAROS
B signaling (0.74 ± 0.16 fold, P = 0.39), and interferon-
stimulatory element (0.31 ± 0.80 fold, P = 0.045), which
may account for some of the downregulation of genes impor-
tant in B-cell function as described above.

Evaluation of Cellular Origin of Transcripts

Analysis of transcript abundance differences associated
with specific cell types can reveal which cell type is the pri-
mary source of age-related differences in the overall PBMC
transcriptome profile. Transcript origin result analysis iden-
tified monocytes and B cells the likely source of the upregu-
lated genes observed in older compared with younger
patients (Figure 1). Analysis of downregulated genes identi-
fied CD8+ and CD4+ Tcells, as well as B cells as primary cel-
lular origins (Figure 1). The fact that B cells are identified as
being the source for both upregulation and downregulation
suggests that different B-cell subsets that are responsible for
the changes are observed.

We further analyzed cell type abundance to determine
whether these differencesmight be responsible for the changes
observed in terms of changes in gene transcript abundance
(Table S3, http://links.lww.com/TXD/A189). This analysis re-
vealed no statistically significant differences in cell type abun-
dance for CD8+Tcells, CD4+Tcells, NK cells, dendritic cells,
or monocytes, indicating that differences in the numbers of
these cell types were not responsible for the differences in gene
transcript upregulation or downregulation reported above.
The 1 exception to this observationwas for B cells, whichwere
estimated to be reduced by 3.7% in older compared with
younger patients (P = 0.025). However, this relatively small
percentage change is unlikely to fully explain themany changes
in gene transcript abundance observed (Tables 3 and 4).

Analysis of Gene Expression in Relation to
Physiological Stress

Analysis of gene expression was performed in relation to a
priori–defined transcripts identified in the CTRA, which in-
cludes increased expression of genes involved in inflamma-
tion (such as proinflammatory cytokines) and decreased
expression of genes involved in type I IFN antiviral responses,
and IgG antibody synthesis was performed. This analysis re-
vealed a statistically significant 1.13 ± 0.06 fold elevation of
CTRA gene expression in older patients (P = 0.036). Break-
down of the 3 components of the CTRA signal revealed a sta-
tistically significant elevation of proinflammatory transcripts
in older patients (1.28 ± 0.11 fold, P = 0.010) (Figure 2). In
contrast, there was a trend toward downregulation of antivi-
ral and antibody-related genes in older patients (Figure 2).
This analysis confirms the analysis of transcript abundance
shown in Tables 1 and 2.
DISCUSSION

We analyzed differences in gene expression in kidney
transplant recipients to compare the impact of age in older
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TABLE 4.

Top 25 downregulated genes in older compared with younger kidney transplant recipients

Downregulated genes Alias Fold decrease Function

1 LOC644936 Actin β pseudogene 1.97 Unknown
2 CCR7 C-C motif chemokine receptor 7 1.72 Adaptive immune response
3 MYOM2 Myomesin 2 1.62 Musculoskeletal system
4 LEF1 Lymphoid enhancer binding factor 1 1.59 Adaptive immune response
5 ERAP2 Endoplasmic reticulum aminopeptidase 2 1.49 Adaptive immune response
6 LOC439949 Hypothetical protein 1.46 Unknown
7 LRRN3 Leucine-rich repeat neuronal 3 1.44 Cellular growth and metabolism
8 NELL2 Neural EGFL-like 2 1.44 Cellular growth and metabolism
9 CD27 T-cell activation antigen CD27 1.44 Adaptive immune response
10 C2ORF89 TraB domain containing 2A 1.44 Metalloproteinase
11 MAL T-cell differentiation protein 1.41 Adaptive immune response
12 TRQ1 Transfer RNA glutamine 1 1.40 Cellular growth and metabolism
13 LOC731682 Similar to HLA class II histocompatibility antigen,

DQ(1) α chain precursor (DC-4 α chain)
1.40 Adaptive immune response

14 GIMAP7 GTPase, IMAP family member 7 1.40 Cellular growth and metabolism
15 LOC1001336 Unknown 1.38 Unknown
16 RPS23 Ribosomal protein S23 1.38 Cellular growth and metabolism
17 LOC1001324 Unknown 1.36 Unknown
18 TCEA3 Transcription elongation factor A3 1.36 Cellular growth and metabolism
19 FAM113B PC-esterase domain containing 1B 1.35 Cellular signaling
20 GIMAP5 GTPase, IMAP family member 5 1.34 Adaptive immune response
21 HLA-DQA1 MHC class II DQA1 1.34 Adaptive immune response
22 ABLIM1 Actin binding LIM protein 1 1.32 Cellular growth and metabolism
23 HS.447708 Long intergenic nonprotein coding RNA 402 1.32 Unknown
24 IL7R Interleukin 7 receptor 1.32 Adaptive immune response
25 PRAGMIN PEAK1-related kinase activating pseudokinase 1 1.31 Cellular signaling

Analyses adjusted for transplant type (D vs L), induction type, and sex. RNA, ribonucleic acid.
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patients compared with younger patients. This represents, to
our knowledge, the first analysis of the impact of patient age
on gene expression in the setting of chronic immunosuppres-
sion. Surprisingly, despite receipt of comparable immuno-
suppression regimens, a significant impact of patient age
was detected: older transplant recipients demonstrated in-
creased abundance of proinflammatory transcripts, including
cytokines and chemokines. Interestingly, components impor-
tant in the innate immune response were also upregulated
FIGURE 1. Transcript origin analysis for genes differentially expressed in
tion for details regarding the cell-type identification. Bar graph indicates m
shown on right hand of figure. P values <0.05 are bolded for emphasis. A
younger patients. B, Transcript origin analysis for genes downregulated
(Table 3). This suggests the possibility that increased levels
of proinflammatory cytokines may be stimulating monocytes
and other innate immune cells known to be associated with
the aging immune system.31 Conversely, genes important in
the antiviral immune response were observed to be downreg-
ulated (Table 4). This important observation may explain
some of the increased vulnerability noted in older transplant
recipients to infection. In addition, although older transplant
patients experience overall lower rates of rejection, when
older compared to younger patients. SeeMaterials andMethods sec-
ean diagnosticity score for each cell type plus standard error. P values
, Transcript origin analysis for genes upregulated in older compared to
in older patients compared with younger patients.
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FIGURE 2. Impact of patient age onCTRA gene expression. SeeMaterials andMethods section for the list of genes involved in the calculation
of each component. Bar graph indicates mean fold difference for either composite CTRA gene expression or its subsets: Inflammatory-, an-
tiviral-, or antibody-related gene expression, as indicated, plus standard error. P values shown below figure. P values <0.05 are bolded
for emphasis. CTRA, conserved transcriptional response to adversity; RNA, ribonucleic acid.
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rejection occurs they are less likely to respond, which may
be related to the increased proinflammatory gene expres-
sion observed.

To try to determine themechanismbehind differential gene
regulation in older compared with younger patients, we eval-
uated abundance of transcription factor binding sites up-
stream for the differentially regulated genes. This revealed
increased enrichment of the CCAAT/enhancer binding pro-
tein β transcription factor binding site, an important proin-
flammatory factor. Decreased enrichment of binding sites
for transcription factors important for interferon response
and T-cell function was also observed. These analyses are
consistent with and underscore the findings of differential
transcriptional regulation seen in older patients, with an in-
creased proinflammatory footprint but a decreased antiviral
immune response. This analysis points to the biological path-
ways most affected by patient age.

Interestingly, the cellular source of the upregulated gene
transcripts in older patients was found to be monocytes
and B cells. The cellular source of downregulated gene tran-
scripts was found to be CD4+ and CD8+ Tcells. B cells were
also the source of downregulated gene transcripts, suggest-
ing that different B-cell subtypes are responsible for either
differential upregulation or downregulation of gene expres-
sion in older transplant patients. That said, although we
were able to identify cell types that served as a source for
changes in gene transcription, further analysis suggested that
changes in cell type abundance were not the cause of the dif-
ferences observed.

Comparing our findings with previously published analy-
ses of CTRA gene profiles similarly revealed upregulation
of proinflammatory and a trend toward downregulation of
antiviral- and antibody-related genes (Figure 2). Chemokine
expression has been associated with inflammation and
“inflammaging” thought to be contributory to disease associ-
ated with aging.16 Comparing our analyses in transplant
recipients on immunosuppression with previously published
results in older patients demonstrates a similar finding of de-
creased antiviral immune response genes and increased fre-
quency of proinflammatory genes.

These findings have important implications for clinical
transplantation regarding vulnerability to infection and
specifically viral infections, as well as development of
alloreactivity. In addition, the persistence of significant
age-associated differences despite receipt of identical immu-
nosuppression regimens suggests that adjustment of immuno-
suppression intensity based on patient “biological age”might
reduce overimmunosuppression in many older patients, re-
ducing adverse clinical outcomes, including viral infection.8,32

Future studies will evaluate changes in pretransplant com-
paredwith posttransplant cohorts of older patients compared
with younger patients to determine if there is a differential im-
pact of transplantation and initiation of immunosuppression
in patients of different ages and with different levels of gene
expression at baseline.

Limitations to this study include its cross-sectional ap-
proach, with evaluation of a single posttransplant time point.
We hope in future studies to perform longitudinal analysis,
including pretransplant evaluation, to determine the impact
of transplantation and start of immunosuppression on older
compared with younger patients, as well as whether the dif-
ferences observed become stronger over time with ongoing
immunosuppression receipt. The variation in transplant type
of induction also raises difficulties for analysis. However, we
have corrected for these differences in our statistical ap-
proach, and the protocolized patient care management in
terms of immunosuppression, patient monitoring, and antibi-
otic prophylaxis meliorates this issue somewhat. Differences
in donor characteristics were similar between older and youn-
ger recipients and therefore unlikely to have had a significant
impact in the differences observed. In addition, although the
sample size analyzed is similar to other translational studies
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in transplant recipients, the inclusion of 60 patients raises
questions as to whether the findings are representative of
all transplant populations. This limitation should be ad-
dressed in larger, multicenter cohort studies to validate the
findings presented. Finally, this study was not powered for
genomewide discovery analyses of statistically significant
associations between age and specific individual gene tran-
scripts. Specific differentially expressed genes are noted
solely for descriptive purposes and the list of genes showing
point estimates of differential expression served only as inputs
into higher-order bioinformatics that maintain their own sta-
tistical control over false-positive errors at the level of aggre-
gate gene sets. Individual genes should not be interpreted as
statistically significant correlates of age until replicated in
larger studies specifically powered for discovery of individual
transcript associations.

In addition to repeating analysis in an independent cohort
of younger and older patients to validate the findings pre-
sented in an independent patient cohort, future studies will
evaluate transcriptional changes for correlation with the clin-
ical outcomes of rejection, infection, and death. Future stud-
ies will also be performed to analyze gene expression on the
CD8+ T-cell subset identified as most strongly associated
with patient age and adverse clinical outcomes in our previ-
ous studies.20 We also propose to assess how changes in gene
expression impact immunosenescent and proinflammatory
phenotypes. Our goal is to identify genes associated with in-
creased patient age and age-associated immune dysfunction
in transplant patients and use this approach to risk stratify
and predict infection, malignancy, and death after transplan-
tation. By improving our understanding of gene expression
differences in immune cells, wewill reach a better understand-
ing of the mechanism behind vulnerability to infection and
death in the growing numbers of older transplant recipients.
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