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Abstract
Purpose A significant percentage of colorectal cancer patients proceeds to metastatic disease. We hypothesised that mito-
chondrial DNA (mtDNA) polymorphisms, generated by the high mtDNA mutation rate of energy-demanding clonal immune 
cell expansions and assessable in peripheral blood, reflect how efficiently systemic immunity impedes metastasis.
Patients and methods We studied 44 rectal cancer patients from a population-based prospective biomarker study, given 
curative-intent neoadjuvant radiation and radical surgery for high-risk tumour stage and followed for metastatic failure. 
Blood specimens were sampled at the time of diagnosis and analysed for the full-length mtDNA sequence, composition of 
immune cell subpopulations and damaged serum mtDNA.
Results Whole blood total mtDNA variant number above the median value for the study cohort, coexisting with an mtDNA 
non-H haplogroup, was representative for the mtDNA of circulating immune cells and associated with low risk of a metastatic 
event. Abundant mtDNA variants correlated with proliferating helper T cells and cytotoxic effector T cells in the circula-
tion. Patients without metastatic progression had high relative levels of circulating tumour-targeting effector T cells and, of 
note, the naïve (LAG-3+) helper T-cell population, with the proportion of LAG-3+ cells inversely correlating with cell-free 
damaged mtDNA in serum known to cause antagonising inflammation.
Conclusion Numerous mtDNA polymorphisms in peripheral blood reflected clonal expansion of circulating helper and 
cytotoxic T-cell populations in patients without metastatic failure. The statistical associations suggested that patient’s con-
stitutional mtDNA manifests the helper T-cell capacity to mount immunity that controls metastatic susceptibility.
Trial registration ClinicalTrials.gov NCT01816607; registration date: 22 March 2013.
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Introduction

Colorectal cancer (CRC) is a heterogeneous disease of 
high biological complexity [1, 2]. A significant percent-
age of CRC patients proceeds to metastatic disease, which 
remains the cause of severe morbidity and dismal survival. 
The propensity of systemic CRC dissemination comprises P. A. Bousquet and S. Meltzer have contributed equally to this 

work.

 * A. H. Ree 
 a.h.ree@medisin.uio.no

1 Department of Oncology, Akershus University Hospital, 
Lorenskog, Norway

2 Institute of Clinical Medicine, University of Oslo, Oslo, 
Norway

3 Centre for Cancer Treatment, Sørlandet Hospital, 
Kristiansand, Norway

4 Department of Clinical Molecular Biology, Akershus 
University Hospital, Lorenskog, Norway

5 Department of Cellular Therapy, Oslo University Hospital, 
Oslo, Norway

6 Department of Pathology, Akershus University Hospital, 
Lorenskog, Norway

7 Department of Physics, Norwegian University of Science 
and Technology, Trondheim, Norway

http://orcid.org/0000-0002-8264-3223
http://crossmark.crossref.org/dialog/?doi=10.1007/s12094-021-02756-w&domain=pdf


1158 Clinical and Translational Oncology (2022) 24:1157–1167

1 3

the interrelation between the cancer and the immune sys-
tem. Tumour-defeating immunity entails the activation of 
cytotoxic lymphocytes. But protective mechanisms against 
auto-immunity impede the immune surveillance and cre-
ate immune tolerance that is manifested within the tumour 
microenvironment (TME) [3] and frequently exerted as 
detrimental systemic inflammation [4]. The state of the 
immune cell metabolism may be a decisive factor in the 
balance between surveillance, tolerance and inflamma-
tion, particularly reflected in the enormous energy demand 
of activated T cells when exponentially proliferating to 
mount efficient immunity [5, 6]. Yet, the understanding 
of how T cells incite tumour immunity is limited by the 
scarce information on the distribution of individual T-cell 
clones in peripheral blood [7].

Compelling discoveries in mouse models have brought 
new insights into the role of metabolic reprogramming 
during clonal T-cell activation and differentiation, a 
feature exploited by the immunologically tolerant TME 
where the mitochondrial biogenesis of T cells is driven in 
the direction of dysfunctional tumour-defeating activity 
[8–11]. For example, metabolic adaptation is crucial for 
the specific accommodation of the immune-suppressive 
regulatory T cells to the hostile TME conditions [12, 13]. 
In patient samples, single-cell RNA and T-cell receptor 
sequencing has indicated that clonal replacement of T cells 
into the tumour, rather than expansion from pre-existing 
clones within, is the predominant mechanism of response 
to therapeutic immune checkpoint blockade (ICB) [14, 
15]. Moreover, expanded tumour-residing T-cell clones 
have been detected as highly expanded in the peripheral 
blood too, suggesting that the TME clones are recruited 
from a distinct T-cell repertoire in the systemic circulation 
[7]. It is tempting to speculate if circulating clones may 
stand proxy for tumour-specific T cells, analogous to the 
case recently reported for patients with advanced-stage 
gastrointestinal cancer responding to immunogenic chemo-
therapy and ICB [16], and inform on the state of immune 
surveillance versus tolerance [15].

The mitochondrial genome is a 16569-base circular 
molecule encoding subunits of the enzyme complexes that 
drive oxidative phosphorylation. Mammalian cells harbour 
a dynamic mitochondrial network with numerous mito-
chondrial DNA (mtDNA) copies that can affect the clini-
cal phenotype [17, 18]. Because the mutation frequency of 
replicating mtDNA is high, mutant mtDNA copies are often 
mixed with wild-type copies in the cell. The mtDNA poly-
morphisms may alter mitochondrial function, particularly 
in tissues that are highly dependent on the metabolism [18] 
such as activated immune cells. Nevertheless, if a mutation 
is pathogenic, the cell can often tolerate a certain proportion 
of the mtDNA variant before the biochemical threshold is 
exceeded with resulting metabolic defects [18].

We hypothesised that circulating immune cells display 
mtDNA polymorphisms resulting from the high mtDNA 
mutation rate of an energy-demanding clonal activation, 
which reflect how efficiently patients generate systemic 
immunity against CRC metastasis. The hypothesis also 
covered the concept of damaged mtDNA (i.e., mtDNA 
with structural modifications that are unrelated to muta-
tions), which on relocation into the cell’s cytosol induces a 
cytokine response [19] and further, in the circulation after 
cellular injury, contributes to elicit a systemic inflamma-
tory response [20]. The release of damaged mtDNA from 
dysfunctional immune cells in the TME or circulation is 
pivotal in the systemic inflammatory response [21].

We studied patients with rectal adenocarcinoma 
enrolled onto a prospective population-based biomarker 
study, who were planned for curative-intent radiation 
therapy before definitive surgery, yet at high risk of meta-
static progression beyond the pelvic cavity. The setting of 
non-metastatic but high-risk tumour stage is ideal to study 
how the immune system controls metastatic dissemina-
tion since a certain percentage of patients will proceed 
to metastatic disease even after curative-intent therapy. 
The patients had full-length mtDNA sequencing of the 
whole blood (WB), the composition of peripheral blood 
mononuclear cell (PBMC) subpopulations analysed and 
damaged mtDNA in serum assessed in the various blood 
compartments sampled at the time of diagnosis. Metastatic 
events were recorded up to 60 months of follow-up after 
completion of the multimodal treatment.

Materials and methods

Patients and procedures

The study was conducted at Akershus University Hospi-
tal. Details of the eligibility criteria, diagnostic workup, 
neoadjuvant therapy and local treatment response (histo-
logic ypTN stage and tumour regression grade) are given 
in Supplementary methods. The 44 patients reported here 
were enrolled between 28 October 2013 and 14 Novem-
ber 2017 and treated according to the prevailing national 
guidelines with neoadjuvant radiation therapy and radical 
pelvic surgery. Of note, two patients refused surgery due 
to personal opinions. Patients were followed with regu-
lar clinical and computed tomography examinations for 
5 years after the completion of the multimodal treatment 
to record metastatic events in distant organs beyond the 
pelvic cavity (defining distant metastasis-free survival; 
DMFS), with median follow-up of 38 (minimum 2, maxi-
mum 60) months at censoring on 2 January 2020.
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Patient samples

WB samples were collected by venipuncture in PAXgene 
RNA tubes (PreAnalytiX) at the time of diagnosis, for DNA 
extraction undertaken after median 45 (minimum 16, max-
imum 66) months of storage at − 80 °C. Total DNA was 
extracted using the DNeasy Blood & Tissue Kit (Qiagen) 
and the DNA was quantified using the Qubit fluorometer 
2.0 (Thermo Fisher Scientific) in combination with the 
Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific). 
PBMC specimens were prepared from 6 to 8 mL of the WB, 
as detailed in Supplementary methods, and immediately fro-
zen in − 150 °C. For serum preparation, WB was drawn in 
plain tubes with no additives for centrifugation to separate 
serum, which was left on ice for no more than 1 h before 
storage at − 80 °C.

Healthy blood donor samples

PBMC preparations, by the Lymphoprep density gradient 
medium (Stem Cell Technologies), from healthy blood 
donors at Oslo University Hospital were allowed for research 
purposes according to each individual’s written informed 
consent. Anonymised samples without any clinical or bio-
logical information were made available for this study.

Library preparation and sequencing

The mtDNA was initially amplified in two PCRs to generate 
two long fragments spanning the complete human mitochon-
drial genome (16569 bases long). The process of library 
construction occurred following the suggested Illumina pro-
tocol [22] but specifically, a temperature gradient (51–68 °C) 
was used during the first PCR amplification. The DNA was 
subsequently purified using gel electrophoresis and bands 
representing the mtDNA amplicons (9.1 and 11.2 kilobases 
of length) were cut out from the gel. Extraction and quanti-
fication of the mtDNA were performed using QIAEX II Gel 
Extraction Kit (Qiagen) and Qubit dsDNA HS Assay Kit. 
The mitochondrial genomes were sequenced using the Nex-
tera XT DNA Library Preparation Kit, Nextera XT Index 
Kit and a MiSeq Benchtop Sequencer (all Illumina). The full 
mtDNA was successfully sequenced at a minimum coverage 
of 2000×.

Sequence analysis

The sequence data were mapped to the revised Cambridge 
Reference Sequence (GenBank ID: NC_012920.1) [23, 24] 
using the MiSeq Reporter built-in software version 2.6 (Illu-
mina). This software applies a Burrows-Wheeler Aligner 
[25] and the Genome Analysis ToolKit [26] for variant call-
ing of single nucleotide polymorphisms and short indels. It 

produces graphical representations of average and coverage 
quality scores along with tabular output of the variant calls. 
The analyses applied default settings for quality of base 
calls, detection threshold and analysis threshold. All variant 
call format files were imported into two software suites for 
variant interpretation. One was HaploGrep2 (haplogrep.i-
med.ac.at) that determines mtDNA haplogroup classifica-
tion. It is based on pre-calculated phylogenetic weights that 
correspond to the occurrence per position in  PhyloTreemt 
[27], reflecting the mutational stability of a given variant 
[28, 29]. The other was the Ensembl Variant Effect Predic-
tor tool that performs analysis of functional effects of DNA 
mutations [30]. Twelve of the study patients were randomly 
selected for comparison of mtDNA variants in WB and 
PBMC samples.

High‑dimensional single‑cell mass cytometry

PBMC preparations were available from 32 of the rectal can-
cer patients and ten healthy blood donors for this analysis. 
The procedures are detailed in Supplementary methods. The 
mass cytometry data were analysed by the online Cytobank 
software (cytobank.org). For each PBMC sample, the gat-
ing was done by the analyst blinded for other study data. 
The gating strategy applied EQ-140 versus time to exclude 
calibration beads, event length versus Ir-191 to gate singlets 
and cisplatin versus CD45-89Y to select live cells for fur-
ther analysis. Specifically, subsets of T cells  (CD3+CD4+ 
including  CD3+CD4+CD127lo/–CD25hi and  CD3+CD8+ with 
subtypes), naïve  (IgD+CD27–) and memory  (CD20+CD27+) 
B cells and monocytes  (CD33+CD11b+CD14+) were identi-
fied for quantification.

Quantification of mtDNA damage

The assay relies on the ability of a structural modification 
within a 4-base site (TCGA, which did not exhibit poly-
morphisms in any of the patient samples) on the template 
DNA to inhibit restriction enzyme cleavage [31]. We have 
previously published the detailed procedure for digital PCR 
analysis of serum mtDNA damage [32].

Analysis of serum cytokines

The simultaneous analysis of 84 serum proteins, including 
interleukin (IL)-6 and interferon (IFN)-γ, was undertaken 
with a customized Luminex Multiplex Assays (R&D Sys-
tems). To enable comparability among and within the range 
of serum levels of analytes, which were measured with the 
required number of assay batches, all levels were normalized 
to the mean value of each analyte in each batch before use in 
statistical calculations.
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Statistical analysis

Analyses were preformed using IBM SPSS Statistics for 
Mac version 27 and GraphPad Prism version 9.3.0. The 
Shapiro–Wilk test was applied to examine if the variables 
were normally distributed. Correlations were calculated 
using Pearson correlation analysis (when the data set had 
parametric distribution) or Spearman correlation analysis 
(if the data set contained any non-parametric distributions). 
Scatter graphs for significant correlations are shown in Sup-
plementary Fig. S1. Differences between groups were com-
pared by Student’s t test or one-way analysis of variance, as 
appropriate. Associations between various forms of mtDNA 
variant number, the PBMC phenotype or serum cytokines 
and DMFS were determined from univariable Cox propor-
tional hazard models. Any associations between DMFS and 
the WB-mtDNA variant number relative to other potentially 
prognostic parameters was determined from a multivariable 
Cox proportional hazard model with forward conditional 
selection of given patient and disease characteristics. The 
results were presented as hazard ratio with 95% confidence 
interval. Crude differences in DMFS were assessed by the 
log-rank test and visualised by the Kaplan–Meier method. 
All tests were two-sided and p < 0.05 was considered statisti-
cally significant.

Results

Patient and disease characteristics

The 44 study cases had typical patient and baseline tumour 
characteristics of a rectal cancer population (Supplementary 
Table S1). All patients had microsatellite-stable tumour. The 
neoadjuvant radiation resulted in a high rate (43.2%) of near-
complete or complete local treatment response (histologic 
tumour regression grade 1).

For each of the 12 randomly selected patients (Supple-
mentary Fig. S2), the PBMC specimen revealed essentially 
identical mtDNA variants as the WB counterpart but had 
some additional variants (r = 0.939, p < 0.001; by Pearson 
correlation test), which potentially reflected artificial DNA 
aberrations introduced during the PBMC preparation. We 
considered each patient’s WB-mtDNA to be representative 
of the mitochondrial genome in circulating immune cells.

WB‑mtDNA variant number, haplogroups 
and patient outcome

The WB-mtDNA total variant number (TVN) was strikingly 
different across the 44 study cases with median value of 
30.5 (minimum 13, maximum 53; Fig. 1) but without cor-
relation to patient’s age, body mass index or metformin use, 

which may affect mitochondrial function, or to female or 
male sex, the disease extension at presentation or the local 
tumour response to the neoadjuvant therapy (Supplemen-
tary Table S1). We observed a clear arrangement of mtDNA 
haplogroups in this population-based rectal cancer cohort 
from Norway. The 22 patients harbouring the common H 
haplogroup [33], the most recent addition to European mtD-
NAs [34, 35], had TVN of 29 or below (except one case 
with TVN of 32), while the 20 patients with other European 
haplogroups and the two Asian haplogroup cases had TVN 
above the median value (of whom all but four had TVN of 
36 or higher; Fig. 1). The fraction of missense or frameshift 
mutations was median 0.41 (minimum 0.16, maximum 0.73) 
for non-H haplogroup cases, while the haplogroup H cases 
had a significantly higher fraction of median 0.58 (mini-
mum 0.33, maximum 0.86) of such variants that can confer 
altered clinical phenotypes (p < 0.001). Of ten patients with 
metastatic progression during follow-up, seven belonged to 
haplogroup H.

Accordingly, the higher WB-mtDNA TVN, the longer 
DMFS, an association that was lost when each patient’s hap-
logroup-specific variants were omitted. Better DMFS also 
pertained to higher variant number of the mtDNA hyper-
variable region (HVR) 2–3 but was not associated with 
the number of variants of the mtDNA coding region. After 
omission of the ancestral variants, however, an association 
was also found between favourable DMFS and high coding 
region count (Table 1). These findings suggest that abundant 
private polymorphisms reflect an advantageous circulating 
immune cell function in high-risk rectal cancer, and that 
the polymorphisms of the mtDNA sequence most receptive 
to base substitutions (HVR2-3) contributed with the lowest 
risk for metastatic failure. In a multivariable model that in a 
forward conditional selection manner included other poten-
tially prognostic patient and disease characteristics (from 
Supplementary Table S1), only the mtDNA variant number 
remained prognostic for DMFS (Supplementary Table S2).

A specific MT‑RNR2 variant and patient outcome

Next, we examined whether the presence of single nucleo-
tide deletion polymorphisms at specific mtDNA sites might 
inform on the susceptibility to disease dissemination. The 
state of all mtDNA molecules within a cell being identical 
is termed homoplasmy. The state of a mixture of wild-type 
and mutant variants (at a specific mtDNA site) is termed 
heteroplasmy. The patients’ WB-mtDNA sequence data 
revealed a median of 2 (minimum 1, maximum 6) deletions, 
which we inspected manually. Of these, the 3105 site of the 
MT-RNR2 gene was either wild-type homoplasmic or had 
a high level of heteroplasmy. Specifically, as illustrated in 
Supplementary Fig. S3, 24 patients had homoplasmy and 
20 showed heteroplasmy of 0.964–0.995 for the AC>A 
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deletion variant. Of the ten recorded metastatic events, nine 
belonged to patients with a homoplasmic site, while the sin-
gle event among heteroplasmic cases appeared in a patient 
who had declined primary tumour surgery (i.e., refused the 
full curative-intent therapy), resulting in significantly dif-
ferent DMFS for the opposite variant groups (p = 0.014; by 
log-rank test). The haplogroup H cases were equally split in 
number between the groups. Among haplogroup H patients 
with the unfavourable MT-RNR2 variant, 58.3% progressed 
to metastatic disease. Altogether, the findings suggest that 
the absence of 3105 AC>A deletion in MT-RNR2, which 

encodes one of the two ribosomal subunits and is, thus, fun-
damental for the intact mitochondrial function, in a haplo-
group H genome is statistically associated with insufficient 
immune cell activity and metastatic failure in high-risk 
patients.

mtDNA variant number and circulating  
T‑cell populations

We investigated whether the WB-mtDNA diversity might 
relate to any particular circulating immune cell population 

Fig. 1  Mitochondrial DNA (mtDNA) variant number in whole blood 
from 44 high-risk rectal cancer patients. Each row represents one 
individual patient with the haplogroup shown to the left (the non-
European M and D haplogroups in italic). The positions across the 
entire ~ 16.6  kilobase (kb) mitochondrial genome are indicated on 
the top of the panel. The control (C) region’s base sites 1–576 and 
16024–16569 are specified below the panel. Arrows mark patients 
who had metastatic progression during the follow-up after comple-

tion of the curative-intent therapy; one of the metastatic haplogroup 
U cases was a patient who had declined primary tumour surgery (i.e., 
refused the full treatment). Each vertical line indicates the position 
of an mtDNA base with at least one variant other than the reference, 
as called by the curated reference genome (mitomap.org). The total 
number of base variants in each case is indicated by colour (scale to 
the right)
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and were able to undertake high-dimensional single-cell 
mass cytometry of PBMC samples from 32 (72.7%) of the 
study participants, of whom seven were among the total of 
ten cases with metastatic events during follow-up. Plasma 
membrane markers were analysed in all of the samples, 
while half the samples (none with metastatic events) were 
available for analysis of PBMC subset-specific and addi-
tional intracellular markers following short in vitro-stimu-
lation of cytotoxicity and cytokine production. For compari-
son, we also analysed PBMC specimens from ten healthy 
individuals (blood donors) with median mtDNA TVN of 

24.5 (minimum 7, maximum 44), of whom all of the five 
individuals with the H haplogroup were below the median 
(Supplementary Fig. S4).

Concerning the PBMC samples analysed for both plasma 
membrane and intracellular markers (Table 2), two cell 
subsets appeared to be of interest;  CD3+CD4+ (helper T 
cells) and  CD3+CD8+ (effector T cells). The TVN of both 
WB-mtDNA in the 16 patients and PBMC-mtDNA in the 
ten healthy individuals showed clear correlation with the 
number of proliferating  (Ki67+) helper T cells, being a 
small  CD3+CD4+ fraction [for the patients: mean of 1.39%, 

Table 1  Associations between 
WB-mtDNA variant numbers 
and DMFS

HR below 1 indicates favourable DMFS with higher number of mtDNA base variants, from Cox propor-
tional hazard models
AV ancestral variants, C control region, CI confidence interval, CRVN coding region variant number, 
DMFS distant metastasis-free survival, HR hazard ratio, HVR hypervariable region (the C region’s base 
sites within the HVRs are given in brackets), TVN total variant number, WB-mtDNA whole blood mito-
chondrial DNA

n HR (95% CI) p

TVN 44 0.935 (0.878–0.996) 0.037
TVN without haplogroup-specific variants 44 1.076 (0.862–1.344) 0.515
TVN without AV 44 0.918 (0.849–0.992) 0.031
CRVN 44 0.912 (0.830–1.002) 0.055
CRVN without AV 44 0.875 (0.768–0.997) 0.046
HVR1 (C16024-C16569) variant number 44 0.998 (0.807–1.233) 0.982
HVR1 variant number without AV 44 1.002 (0.801–1.254) 0.983
HVR2-3 (C1-C576) variant number 44 0.692 (0.517–0.928) 0.014
HVR2-3 variant number without AV 44 0.704 (0.520–0.953) 0.023
Total AV number 44 0.845 (0.682–1.047) 0.124

Table 2  PBMC phenotypes and correlations with mtDNA TVN

PBMC numbers are given by mean (standard deviation)
mtDNA mitochondrial DNA, PBMC peripheral blood mononuclear cell, TVN total variant number
a Not normally distributed
b Statistically significant correlations with mtDNA TVN are shown, by Spearman correlation test

Subset percentage of total PBMC

CD3+CD4+ CD3+CD8+

Patients (n = 16) 33.9 (8.03) 23.1 (9.38)
Donors (n = 10) 44.8 (7.01) 21.5 (3.43)

Subtype percentage of PBMC subset

CD3+CD4+

Ki67+
CD3+CD8+

Granzyme  B+
CD3+CD8+

Perforin+

Patients (n = 16) 1.39 (1.33) 41.4 (25.7) 18.5 (14.6)
Donors (n = 10) 1.49 (0.68)a 18.8 (12.3) 10.7 (6.38)

Correlation between mtDNA TVN and the PBMC subtype  numberb

rho p rho p rho p

Patients (n = 16) 0.734 0.001 0.534 0.033 0.590 0.016
Donors (n = 10) 0.687 0.033
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standard deviation (SD) 1.33%]. Pertaining to patient sam-
ples only, the TVN also correlated with the percentage of 
effector T cells positive for granzyme B (mean of 41.4%, SD 
25.7%) and perforin (mean of 18.5%, SD 14.6%), indicating 
functional activity [36].

mtDNA variant number and the shaping of  
T‑cell help

Concerning the 32 patient PBMC samples analysed for 
plasma membrane markers solely, WB-mtDNA TVN was 
weakly correlated only with the  CD3+CD4+ cell frac-
tion positive for the lymphocyte activation gene (LAG)-3 
(r = 0.378, p = 0.033; by Pearson correlation test), consti-
tuting a tiny fraction (mean of 0.14%, SD 0.13%) of the 
circulating helper T cells. No others of the analysed T cell 
populations were correlated with mtDNA variant numbers, 
nor were the circulating populations of naïve and memory 
B cells or monocytes. Nevertheless (Table 3), the more 
LAG-3-expressing  CD3+CD4+ cells, representing a naïve 
 CD3+CD4+ population from which new helper T cells can 
be rapidly recruited [37], the better DMFS, with remark-
ably low risk for metastatic failure in patients with LAG-
3+ cell counts in the upper range. A similar observation 
was recently reported in advanced-stage gastric cancer 
[38]. Favourable DMFS also pertained to higher fraction 
of circulating  CD3+CD8+ cells positive for CXCR4 (mean 
of 81.5%, SD 11.4%), a chemokine receptor that promotes 
their infiltration into tumour sites [37, 39]. The number of 
circulating monocytes  (CD33+CD11b+CD14+) seemed to 
be neutral with regard to DMFS and the naïve and memory 

B-cell populations  (IgD+CD27– and  CD20+CD27+) as well 
as the fraction of immune-suppressive regulatory T cells 
 (CD3+CD4+CD127lo/–CD25hi) were statistically unrelated. 
The composition of circulating immune cell phenotypes in 
a representative patient without metastatic failure is visual-
ised in Supplementary Fig. S5 along with cell population 
frequencies in all of the patient samples.

In the blood donors, no correlation was found between 
PBMC-mtDNA TVN and immune cell populations 
 CD3+CD4+LAG-3+ or  CD3+CD8+CXCR4+. Although 
proof of a mechanistic link is missing, the PBMC data sup-
ported the notion that high mtDNA TVN of circulating 
immune cells reflects the expansion of helper T cells and, in 
patients, the resulting effector T population endowed with 
tumour-infiltrating and activated cytotoxic properties, which 
may restrain the metastatic propensity of high-risk rectal 
cancer.

Systemic inflammation

On entering the circulation after cellular stress, cell-free 
mtDNA may trigger detrimental pro-inflammatory responses 
by inducing factors such as IL-6 [21], which maintains 
immune tolerance through its ability to attenuate intratu-
moural activity of helper and cytotoxic T cells [40, 41] and 
is regarded a main mediator and representative cytokine of 
cancer inflammation [41, 42]. Besides, mtDNA release trig-
gers type I IFN responses [21]. In the study cases, no asso-
ciation was found between damaged mtDNA in serum (mean 
of 23.5%, SD 6.0% of the total cell-free mtDNA) and IL-6 
[median value of 2.72 (minimum 0, maximum 75.0) pg/mL]. 
Yet, elevated IL-6 was associated with unfavourable DMFS 
(Table 3), in accordance with observations in established 
metastatic CRC [43]. And reflecting the association between 
poor DMFS and low WB-mtDNA variant counts (Table 1), 
the IL-6 level was inversely (though not strongly) corre-
lated to the HVR2-3 variant number in circulating immune 
cells (Supplementary Table S3). Serum IFN-γ [median 
value of 1.50 (minimum 0.43, maximum 3.34) ng/mL] was 
not associated with DMFS (Table 3). Finally, following the 
case for DMFS, the number of circulating LAG-3-expressing 
 CD3+CD4+ cells was inversely correlated with the damaged 
serum mtDNA (Table 4).

The present report is based on statistical associations, 
demanding cautious biological interpretations. But collec-
tively, if the blood mtDNA status reflects the balance of 
advantageous immunity versus adverse inflammation in 
high-risk rectal cancer, tumour-targeting cytotoxic immune 
cells  (CD3+CD8+CXCR4+) that are dependent on helper 
cells  (CD3+CD4+Ki67+) sustained by a recruitment popula-
tion  (CD3+CD4+LAG-3+) [36, 37, 44] may hold fundamen-
tal functions in this context.

Table 3  PBMC phenotypes, inflammation and associations with 
DMFS

HR  below 1 indicates favourable DMFS with higher PBMC popula-
tion count or lower serum cytokine value, from Cox proportional haz-
ard models; patients’ cytokine values were normalised to the mean 
value of each analysis assay batch for use in the model
CI confidence interval, DMFS distant metastasis-free survival, HR 
hazard ratio, IFN interferon, IL interleukin, LAG lymphocyte activa-
tion gene, PBMC peripheral blood mononuclear cell

n HR (95% CI) p

CD3+CD4+ 32 1.003 (0.939–1.071) 0.938
CD3+CD4+LAG-3+ 32 < 0.001 (< 0.001–0.378) 0.032
CD3+CD4+CD127lo/−CD25hi 32 1.000 (0.997–1.004) 0.793
CD3+CD8+ 32 0.987 (0.902–1.080) 0.779
CD3+CD8+CXCR4+ 32 0.915 (0.857–0.978) 0.009
IgD+CD27− 32 0.960 (0.914–1.007) 0.096
CD20+CD27+ 32 1.045 (0.988–1.106) 0.127
CD33+CD11b+CD14+ 32 1.000 (1.000–1.000) 0.023
IL-6 42 1.460 (1.069–1.993) 0.017
IFN-γ 25 1.000 (0.999–1.001) 0.868
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Discussion

Since a deficient immune cell surveillance repertoire is a 
result of an insufficient clonal expansion of tumour-defeating 
immune cells, we hypothesised that the energy-demanding 
antitumour-proficient state may generate mutations in the 
rapidly replicating mtDNA that are detectable in a WB 
specimen at the time of cancer diagnosis. We observed 
that patients with rectal cancer at high risk of systemic dis-
semination who presented a high number of WB-mtDNA 
polymorphisms, being representative for the mtDNA of 
circulating immune cells, had favourable survival without 
development of metastatic disease after neoadjuvant radia-
tion enabling complete resection of the residual primary 
tumour. Numerous mtDNA variants correlated with more 
of actively proliferating helper T cells and effector T cells 
with activated cytotoxic properties in the circulation. High 
relative levels of tumour-targeting effector T cells and the 
naïve (LAG-3+) helper T population protected patients from 
metastatic progression, with the proportion of LAG-3+ cells 
inversely correlating with the serum content of antagonising 
pro-inflammatory damaged mtDNA.

In further support of our assumption, a base deletion in 
a ribosomal subunit gene (MT-RNR2) pivotal for the mito-
chondrial protein synthesis was associated with the likeli-
hood of inferior outcome in this population of rectal cancer 
patients prone to metastatic progression. The compelling 
discovery that patients with total mtDNA variant number 
below the median for the study cohort invariably carried 
the common H haplogroup, which also was the case among 
the healthy blood donors, agrees with the notion that haplo-
group H replacement mutations enabled migrating humans 
in ancient times the metabolic adaptation to colder European 
climates [45] by yielding the cellular capacity to meet a high 
energy demand to that of generating heat instead [46]. The 
findings in patients with sepsis, the clinical syndrome of 

multiple-organ failure after microbial invasion, that the H 
haplogroup was a strong independent predictor of increased 
chance of survival [47, 48] are consistent with a constraint 
to mount excessive and deleterious immune responses. This 
may have caused survival advantage for ancestors of the pre-
sent populations of very-high Human Development Index 
regions. Almost 60% of the participants in our study bear-
ing the combination of haplogroup H and the unfavourable 
variant of the ribosomal subunit gene experienced metastatic 
progression. One might speculate if functional haplogroup 
H polymorphisms in combination with the given MT-RNR2 
variant lead to synergistic immune cell vulnerabilities that 
favour the control of systemic infection but impede the con-
trol of systemic cancer dissemination.

The effector T-cell phenotype was equally prevalent in 
the circulation of the healthy individuals and rectal can-
cer patients but unsurprisingly with much higher cytotoxic 
activity (granzyme B and perforin expression, correlating 
with the WB-mtDNA TVN) in the patients. The finding 
that much of the circulating  CD3+CD8+ subset was posi-
tive for the chemokine receptor CXCR4 in patients with long 
DMFS is in line with data from a mouse model, in which 
CXCR4 expression bestowed the cytotoxic T cells the func-
tion to reach the tumour target tissue [39]. Interestingly, this 
effector program, also including induced granzyme B and 
perforin expression and altered metabolic processes, was 
acquired after specific  CD3+CD4+ help [39].

The strong correlation between WB-mtDNA TVN 
and the number of circulating helper T cells under active 
proliferation in both the blood donors and rectal cancer 
patients might mean that an individual’s proportion of 
 CD3+CD4+Ki67+ cells directly reflects the inherited capac-
ity of clonal immune cell expansion. In mice, the homeo-
static expansion of naïve helper T cells was shown to be 
metabolically regulated through the coinhibitory immune 
checkpoint receptor LAG-3, ensuring firmly controlled 
 CD3+CD4+ cell activation [37]. In our study, upper range 
counts of the diminutive  CD3+CD4+LAG-3+ population 
correlated positively with survival without metastasis and 
inversely with pro-inflammatory mtDNA in serum. This 
novel finding argues a critical function of naïve  CD3+CD4+ 
cells in the balance of advantageous antitumour immunity 
versus adverse systemic inflammation and thus, for the 
outcome of high-risk rectal cancer. However, a biomarker 
study based on statistical associations in patients, such as 
ours, does not provide direct proof of any mechanistic link 
between the WB-mtDNA variant number and the activity of 
tumour-defeating immune cells.

The present study population validated our previous 
observations in high-risk rectal cancer patients of strong 
association between cell-free damaged mtDNA in the cir-
culation and systemic inflammatory factors [32]. In the 
present investigation, we chose to analyse serum IL-6 

Table 4  PBMC phenotypes and correlations with damaged serum 
mtDNA

Calculated by Spearman correlation test
LAG lymphocyte activation gene, mtDNA mitochondrial DNA, 
PBMC peripheral blood mononuclear cell

n rho p

CD3+CD4+ 32 − 0.199 0.275
CD3+CD4+LAG-3+ 32 − 0.703 < 0.001
CD3+CD4+CD127lo/−CD25hi 32 − 0.245 0.176
CD3+CD8+ 32 − 0.054 0.769
CD3+CD8+CXCR4+ 32 − 0.286 0.112
IgD+CD27− 32 − 0.228 0.209
CD20+CD27+ 32 − 0.082 0.657
CD33+CD11b+CD14+ 32 − 0.328 0.067
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because, in CRC patients, IL-6 has been shown directly 
linked to the clinical presentation of the systemic inflam-
matory response, such as skeletal muscle wasting under 
metabolic malfunctioning [49]. We confirmed that elevated 
IL-6 was predictive of unfavourable DMFS but seemed not 
to be an effector of the cell-free damaged mtDNA.

CRC is one of the most common malignancies world-
wide with a particularly high incidence in very-high 
Human Development Index regions [50]. Approximately a 
third of rectal cancer patients given neoadjuvant radiation 
experience metastatic failure [51, 52], which is the result 
of distant organ colonisation by surviving clonogenic 
tumour cells. The constitutional immunity of the patient 
may be of note in this context. Because the dynamic 
metabolism during activation of quiescent helper T cells 
and the resulting cytotoxic effector program that can elimi-
nate clonogenic tumour cells have been explored predomi-
nantly in mouse models, proving the same responses may 
occur in patients can become the next step in clinical can-
cer immunology. With the purpose of improving diagnos-
tic precision and treatment personalisation, it is feasible 
to undertake mtDNA sequencing of peripheral blood to 
assess the TVN. Even determining the mtDNA haplogroup 
type may suffice. The statistical associations presented in 
this study suggest that a patient’s constitutional mtDNA 
manifests the helper  T-cell capacity to mount immunity 
that controls metastatic susceptibility in CRC.
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