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Abstract: The treatment of metastatic melanoma has been revolutionised by immunotherapy, yet a
significant number of patients do not respond, and many experience autoimmune adverse events.
Associations have been reported between patient outcome and monocyte subsets, whereas vitamin C
(ascorbate) has been shown to mediate changes in cancer-stimulated monocytes in vitro. We therefore
investigated the relationship of ascorbate with monocyte subsets and epigenetic modifications in patients
with metastatic melanoma receiving immunotherapy. Patients receiving immunotherapy were compared
to other cancer cohorts and age-matched healthy controls. Ascorbate levels in plasma and peripheral
blood-derived mononuclear cells (PBMCs), monocyte subtype and epigenetic markers were measured,
and adverse events, tumour response and survival were recorded. A quarter of the immunotherapy
cohort had hypovitaminosis C, with plasma and PBMC ascorbate levels significantly lower than those
from other cancer patients or healthy controls. PBMCs from the immunotherapy cohort contained
similar frequencies of non-classical and classical monocytes. DNA methylation markers and intracellular
ascorbate concentration were correlated with monocyte subset frequency in healthy controls, but
correlation was lost in immunotherapy patients. No associations between ascorbate status and immune-
related adverse events or tumour response or overall survival were apparent.

Keywords: metastatic melanoma; ascorbate; DNA methylation; monocytes

1. Introduction

New Zealand has amongst the highest incidence of, and mortality rates from, melanoma
in the world (35.8/100,000 and 2.7/100,000, respectively) [1–4]. Treatment is determined
by stage; early (local or regional) disease is treated by surgical resection. The treatment
of advanced disease has been revolutionised by immunotherapy (immune checkpoint
inhibitors) and BRAF/MEK tyrosine kinase inhibitors [5,6].

Immune checkpoint inhibitors act by preventing checkpoint proteins on immune
cells (T cells) from binding with their partner proteins on cancer cells, thus promoting
effective anticancer immunity. In 2016, the New Zealand Pharmaceutical Management
Agency (Pharmac) funded immune checkpoint inhibitors (nivolumab, pembrolizumab) for
advanced disease. Despite substantial improvements in outcome over older treatments, it
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is known that a substantial proportion of patients do not respond to immunotherapy, and
significant numbers of responders and non-responders to treatment experience autoim-
mune adverse events [7,8]. The development of novel predictors of response and toxicity is
a matter of priority.

Response to checkpoint inhibitors has been associated not only with T cells, but also
with circulating monocytes [9]. Monocytes are highly plastic innate immune cells that
can be divided into three subsets: classical (CD14+CD16−) monocytes that have heighted
pro-inflammatory cytokine production, innate bacterial recognition, migration and phago-
cytosis capacity, vs. non-classical (CD14+CD16+) monocytes that patrol the vascular system
and are often associated with adhesion and viral and nucleic acid sensing, vs. a third
small intermediate subset [10–12]. Associations have been reported between outcomes
in patients receiving immunotherapy and CD14CD16 expression, but the data are contra-
dictory [13–16]. The antigen presentation protein major histocompatibility complex cell
surface receptor (HLA-DR) is required for the activation of anti-tumour T cells by mono-
cytes. Outcome for patients receiving immunotherapy was associated with CD14+HLA-DR
expression [15,17,18].

A significant proportion of cancer patients exhibit low plasma vitamin C (ascorbate)
levels, to the point of insufficiency [19–22]. Early immunotherapy studies (using IL-2)
reported that patient plasma ascorbate levels dropped to deficient levels (<11 µM) and
remained depleted throughout treatment [23,24]. Low plasma ascorbate often correlates
with reduced tissue levels of ascorbate, including low immune cell ascorbate concentra-
tions [25], and this could affect immune cell function [26]. Studies have also shown lower
levels of ascorbate in circulating immune cells of cancer patients compared to healthy
controls [21,25]. The status of ascorbate in patients receiving checkpoint inhibitors is not
well characterised.

Ascorbate deficiency in patients with cancer has consequences beyond that of a simple
antioxidant deficit. Ascorbate regulates the activity of DNA demethylases (including ten-
eleven translocation, TETs), which regulate epigenetic functions [27,28], and modulates
the activity of hydroxylases that control response to hypoxia [29]. These enzymes are
part of the superfamily of 2-oxoglutarate- and ferrous iron-containing dioxygenases (2-
OGDDs) [29]. Previously, we posited that ascorbate affects the functioning of immune
cells via these enzymes, and our recent in vitro data showed ascorbate-mediated protein
and gene expression changes in cancer-stimulated monocytes in response to ascorbate [26].
Here, we aim to expand this investigation to patient samples.

Our previous study in patients with cancer showed that patients treated with chemother-
apy had lower plasma ascorbate levels than those about to undergo surgery to remove their
cancer, suggesting that chemotherapy may induce hypovitaminosis C [19]. This provided the
rationale for studying the plasma and immune cell ascorbate status of patients undergoing
immunotherapy, and for investigating the impact of ascorbate status on monocyte phenotype,
TET activity and patient response to immune checkpoint inhibitors. We proposed that ascor-
bate could modulate monocyte function via TET enzyme activity, leading to changes in DNA
methylation, and that this may be associated with patient response to immunotherapy.

2. Results
2.1. Participant Cohorts

The immunotherapy cohort consisted of 63 patients (Table 1). Most patients in this
cohort received pembrolizumab (90%), with 10% receiving nivolumab or other immunother-
apies or combinations. This cohort was compared with patients undergoing chemotherapy
(n = 103) or prior to surgery for cancer (n = 82) [19], or healthy, age-matched controls
(n = 16). Most participants were over 50 years of age, with 54% of the immunotherapy
cohort being male, compared to 1/3 of the other two cancer cohorts (Table 1). All patients
in the immunotherapy cohort identified as European, compared to the other two cancer
cohorts where 11–12% identified as Māori or Pacifica, a percentage representative of the
population of the area. All patients in the immunotherapy group had metastatic melanoma,
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while about half of the other two cohorts had colon or breast cancer, and the remainder had
other non-melanoma cancers (Table 1). Patients in the immunotherapy group had received
between 1 and 106 rounds of immunotherapy over 0–5 years by the end of 2021.

Table 1. Participant demographics and information.

Immunotherapy Chemotherapy Presurgical * Healthy Control

Total n = 63 n = 103 n = 82 n = 16
Age ≤50 years 7 (11%) 32 (31%) 15 (18%) 5 (31%)
Sex Female 29 (46%) 69 (67%) 49 (60%) 9 (56%)

Ethnicity European 63 (100%) 88 (85%) 71 (87%) 15 (94%)
Māori/Pacifica 0 (0%) 12 (12%) 9 (11%) 1 (6%)

Other 0 (0%) 3 (3%) 2 (2%) 0 (0%)
Cancer surgery n/d n/d 82 (100%) n/a
Chemotherapy n/d 103 (100%) n/d n/a

Immunotherapy Pembrolizumab 57 (90.5%) n/a n/a n/a
Nivolumab 4 (6.3%) n/a n/a n/a

Combination 2 (3.2%) n/a n/a n/a
Cancer type Melanoma 63 (100%) 0 (0%) 1 (1%) n/a

Colon, breast 0 (0%) 52 (50%) 45 (55%) n/a
Other 0 (0%) 51 (50%) 36 (44%) n/a

Ascorbate intake ≤45 mg/day 28 (45%) 51 (50%) 43 (52%) n/d
Plasma ascorbate ≤23 µmol 15 (24%) 16 (16%) 8 (9.8%) 1 (6%)

* Blood samples taken prior to surgery, n/a—not applicable, n/d—not determined.

Ascorbate intake, assessed from a 24 h dietary recall, was similar across the three
cancer cohorts, with about half of the participants consuming less than the New Zealand
recommended daily intake (RDI) of 45 mg ascorbate (Table 1). Average daily intake
for the immunotherapy cohort was 69.8 (± 9.3) mg, compared to 68.6 (± 6.3) mg and
60.3 (± 6.2) mg for the chemotherapy and presurgical cohorts, respectively (mean ± SEM,
Figure 1). Plasma ascorbate levels varied between the four cohorts, with 24% of the im-
munotherapy cohort being either marginally ascorbate-deficient (11–23 µM) or deficient
(<11 µM), compared to 6–16% for the other cohorts (Table 1). Average plasma ascor-
bate concentrations were lower in the immunotherapy cohort and chemotherapy cohorts
(47.8 ± 3.6 µM and 51.0 ± 2.5 µM) compared to the presurgical cohort (56.8 ± 2.7 µM) and
the healthy control cohort (62.3 ± 7.8 µM) (mean ± SEM, p ≤ 0.05, Figure 1).
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Figure 1. Ascorbate intake and plasma concentrations in patients with cancer and healthy controls.
The cohorts included patients receiving immunotherapy (Im) or chemotherapy (Ch), or patients prior
to their surgery to remove cancer (PS), or healthy controls (HC). (A) Estimated daily intake of
ascorbate according to 24 h dietary recall, and (B) plasma concentrations of ascorbate, measured by
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HPLC-EC. Im n = 63 filled circles, Ch n = 103 open squares, PS n = 82 open triangles, HC n = 16 open
circles, compared by one-way ANOVA, * p ≤ 0.05, median shown in red. ns—not significant.

A year after their initial blood draw, ascorbate intake and plasma levels were assessed
again in a subset of 16 patients receiving immunotherapy. There was no difference in the
average intake or plasma level of ascorbate over this time period (Figure S1A,B). Similarly,
a shorter-term assessment conducted over 10 weeks and three clinic visits by patients
receiving chemotherapy (n = 43) showed that neither ascorbate intake nor plasma levels
changed significantly over the 10-week period sampled (Figure S1C,D). We also assessed
whether there was any relationship between the number of immunotherapy doses received
and the patient’s plasma ascorbate concentration (Figure S2). There was no correlation
(Pearson r = 0.053, p = 0.74, median no. doses 13, n = 41), indicating that the length of
treatment did not affect ascorbate status.

2.2. PBMC Characterisation of Immunotherapy Cohort

Intracellular ascorbate was measured in PBMCs from 25 patients from the immunother-
apy cohort, and compared to the control cohort. Intracellular ascorbate in the immunother-
apy cohort varied from 0.07 to 1.1 nmol per million cells (mean 0.43 ± 0.06 nmol/106 cells),
with plasma levels ranging from 4.8 to 133 µM, with poor correlation between these two
measures (Figure 2A). There was also no correlation between plasma and intracellular ascor-
bate levels in healthy controls (mean 0.58 ± 0.05 nmol/106 cells, Figure 2B), and there was
no difference in plasma ascorbate levels between controls and patients (Figure 2C). Intra-
cellular ascorbate was significantly higher in healthy controls compared to immunotherapy
patients (Figure 2D).
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populations, and the expression of HLA-DR on CD14+ cells in PBMCs, were measured in 
a subset of patients receiving immunotherapy and healthy controls. PBMCs from the im-
munotherapy cohort contained similar frequencies of non-classical (CD14+CD16+) and 
classical monocytes (CD14+CD16−) to PBMCs from healthy controls (Figure 3A,B). Inter-
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netic markers (5-hmC, 5-mC or cytidine) between controls and patients (Figure 3D–F). 

Figure 2. Ascorbate levels in healthy controls and patients with cancer receiving immunotherapy.
No relationship between plasma ascorbate and intracellular ascorbate in (A) healthy controls or
(B) patients receiving immunotherapy; Pearson correlation. (C) Comparison of plasma levels between
patients and controls. (D) Comparison of intracellular ascorbate levels between patients and controls;
Mann–Whitney test. Intracellular ascorbate was measured by HPLC-EC in peripheral blood-derived
mononuclear cells. Patients with metastatic melanoma receiving immunotherapy n = 25, healthy
controls n = 16; ns—not significant, * p ≤ 0.05; median shown in red.
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The frequency of non-classical (CD14+CD16+) and classical (CD14+CD16−) monocyte
populations, and the expression of HLA-DR on CD14+ cells in PBMCs, were measured
in a subset of patients receiving immunotherapy and healthy controls. PBMCs from
the immunotherapy cohort contained similar frequencies of non-classical (CD14+CD16+)
and classical monocytes (CD14+CD16−) to PBMCs from healthy controls (Figure 3A,B).
Interestingly, HLA-DR expression was significantly higher (p ≤ 0.05) in the immunotherapy
cohort compared to the healthy controls (Figure 3C). There were no differences in epigenetic
markers (5-hmC, 5-mC or cytidine) between controls and patients (Figure 3D–F).
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and 5-mC in PBMCs correlated strongly with non-classical monocytes in controls only, 
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subsets were evident. Cytidine correlated negatively with non-classical monocytes in con-
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Figure 3. Immune cell and epigenetic markers on PBMCs from patients with metastatic melanoma
receiving immunotherapy and healthy volunteers. Comparisons between controls and patients with
respect to frequency of (A) CD14+CD16+, (B) CD14+CD16− and (C) HLADR mean fluorescence in-
tensity (MFI). Surface markers were measured by flow cytometry; patients with metastatic melanoma
receiving immunotherapy n = 20, healthy controls n = 14. Comparison between PBMCs from controls
and patients with respect to (D) 5-hmC, (E) 5-mC and (F) cytidine content. Epigenetic markers
were measured by mass spectrometry; patients with metastatic melanoma receiving immunotherapy
n = 20, healthy controls n = 9; ns—not significant, * p ≤ 0.05; median shown in red.

As ascorbate may mechanistically influence innate immune cells [26,30], we inves-
tigated relationships between intracellular ascorbate concentration and the presence of
epigenetic markers, such as 5-mC and the TET product 5-hmC, against the frequency of
monocyte subsets (CD14+CD16+, CD14+CD16−, HLA-DR) in the cohorts (Table 2). Intracel-
lular ascorbate was strongly associated with classical monocyte frequency (CD14+CD16−)
in controls but not patients (Figure 4A), and no associations were evident with non-classical
monocytes. Intracellular ascorbate was positively associated with 5-mC and negatively
with total cytidine in patients, but not controls, with no associations observed with 5-hmC
(Figure 4B,C). There was a weak relationship between ascorbate and HLA-DR expression
in patients only, trending towards significance (p = 0.06). There was also a weak correlation
in controls only between 5-hmC and HLA-DR (p = 0.07). The levels of 5-hmC and 5-mC
in PBMCs correlated strongly with non-classical monocytes in controls only, not patients
(Figure 4D,E), and no other relationships with 5-hmC/5-mC and monocyte subsets were ev-
ident. Cytidine correlated negatively with non-classical monocytes in controls (Figure 4F),
with no other relationships in controls or patients evident (Table 2).
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 CD14+CD16− g 0.39 0.34 −0.11 0.64 
 HLA-DR (CD14+) f 0.68 0.07 0.07 0.78 
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Figure 4. Associations between ascorbate and immune cell and epigenetic markers in PBMCs
from controls and patients with melanoma. Correlations between intracellular ascorbate and
(A) percentage of classical monocytes (CD14+16−), (B) 5-mC and (C) cytidine. Correlations be-
tween percentage of non-classical monocytes (CD14+CD16+) and epigenetic markers (D) 5-hmC,
(E) 5-mC and (F) cytidine. Patient data are shown as filled circles with solid lines, and those of
controls as open circles with dashed lines; bold lines indicate significance. Relationships were tested
using Pearson’s correlation; ns—not significant, significance * p < 0.05, ** p < 0.01.

Table 2. Relationships in PBMCs from controls and patients with intracellular ascorbate and immune
cell and epigenetic markers.

Controls Patients

Correlates r a p b r a p b

Intracellular ascorbate c 5-hmC e 0.27 0.49 0.10 0.66
5-mC e 0.46 0.22 0.47 0.03

Cytidine e −0.46 0.22 −0.47 0.03
CD14+CD16+ g 0.21 0.47 0.03 0.90
CD14+CD16− g 0.72 0.004 −0.15 0.52

HLA-DR (CD14+) f −0.14 0.63 0.43 0.06
Plasma ascorbate d 5-hmC e −0.03 0.95 −0.37 0.12

5-mC e −0.12 0.76 0.04 0.88
Cytidine e 0.12 0.76 −0.03 0.91

CD14+CD16+ g −0.02 0.95 0.16 0.53
CD14+CD16− g <−0.01 >0.99 0.37 0.14

HLA-DR (CD14+) f 0.22 0.45 0.04 0.89
5-hmC e CD14+CD16− g 0.79 0.02 0.02 0.92

CD14+CD16− g 0.39 0.34 −0.11 0.64
HLA-DR (CD14+) f 0.68 0.07 0.07 0.78

5-mC e CD14+CD16+ g 0.82 0.01 0.20 0.41
CD14+CD16− g 0.51 0.20 0.22 0.37

HLA-DR (CD14+) f 0.09 0.83 0.07 0.76
Cytidine e CD14+CD16+ g −0.82 0.01 −0.20 0.42

CD14+CD16− g −0.50 0.20 −0.21 0.38
HLA-DR (CD14+) f −0.10 0.81 −0.08 0.75

a Pearson’s r, b significant correlations are shown in bold, c nmol/106 cells, d µM, e % total cytidine, f MFI
within CD14+ cells, g frequency of total PBMC; non-classical monocytes (CD14+CD16+), classical monocytes
(CD14+CD16−).
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2.3. Treatment Response of Patients Receiving Immunotherapy

Immunotherapy commonly induces immune-related adverse events, some of which
can be life-threatening [8]. To ascertain whether ascorbate status affected these adverse
events, we compared plasma ascorbate status against the severity of side effects (Figure 5A).
Most patients in this study had grade 1 side effects as reported in the medical notes,
with 18% having no reported side effects, and there was no relationship between plasma
ascorbate levels and severity of side effects in response to immunotherapy (Figure 5A).
We saw no association between plasma ascorbate levels and reported tumour response
based on RECIST criteria (Figure 5B). There was also no difference in side effects or tumour
response according to the intracellular PBMC ascorbate levels (Figure 5C,D).
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Figure 5. Relationship of ascorbate status and patient or tumour response to immunotherapy.
Plasma ascorbate levels vs. (A) grade of side effects in patients with metastatic melanoma receiving
immunotherapy, and (B) tumour response based on RECIST criteria. Intracellular ascorbate in PBMCs
vs. (C) grade of side effects and (D) RECIST criteria. PD—progressive disease, SD—stable disease,
PR—partial response, CR—complete response; plasma data for side effects available from n = 45
and for RECIST for n = 33 patients; intracellular ascorbate data available for n = 25 patients; ns – not
significant; median shown in red.

Median survival in the whole treatment group was not reached (n = 44). The median
survival in those with disease progression was 27 months (data not shown). Survival of
the immunotherapy cohort was not influenced by age, sex or ascorbate as a continuous
variable. When the cohort was divided into above and below median plasma ascorbate
levels (48 µM), we saw no difference in overall survival according to ascorbate status
(Figure 6).
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3. Discussion

Our data on patients with metastatic melanoma undergoing immune checkpoint
therapy showed that a quarter of the cohort had hypovitaminosis C, with plasma ascorbate
levels in this cohort significantly lower than those from other cancer patients or healthy
controls. PBMC ascorbate levels were also significantly lower than those of healthy controls
and there was limited correlation between plasma and immune cell ascorbate. Blood
mononuclear cells from the immunotherapy cohort contained similar frequencies of non-
classical and classical monocytes to, but exhibited higher levels of HLA-DR expression
than, those from healthy controls. Predominately in healthy controls, methylation markers
and intracellular ascorbate concentration were correlated with monocyte subset frequency,
a relationship lost in immunotherapy patients. In this small patient cohort, no associations
between ascorbate status and immune-related adverse events or tumour response or overall
survival were apparent.

Ascorbate intake across the three cancer cohorts was similar, with about half consum-
ing less than the NZ recommended daily intake of 45 mg ascorbate, one of the lowest RDIs
in the world (90 mg/day in the UK, Europe and the US) [31]. Yet plasma levels of ascorbate
were significantly lower in patients undergoing immuno- or chemotherapy compared to
patients prior to cancer surgery or healthy controls, confirming earlier reports [19,22,24].
This may indicate either that these treatments, or that advanced/metastatic disease, affect
ascorbate turnover. This aligns with findings for other chronic or severe diseases, such as
diabetes and burns [32]. Intracellular ascorbate was particularly low in PBMCs from im-
munotherapy patients. This may be suggestive of PBMC activation to tumour neoantigens
and ascorbate’s possible role in underlying mechanisms. Ascorbate’s involvement in dif-
ferentiation, reactive oxygen species production, phagocytosis, chemotaxis and epigenetic
enzyme activity in activated immune cells may result in high turnover of the vitamin [30].
It is important, however, to point out that our data on cellular ascorbate, immune cell
markers and epigenetic markers are derived from a small cohort of patients and controls.
Further studies in larger cohorts are required to confirm our findings.

The lack of correlation between plasma and PBMC ascorbate content was unexpected,
as others have reported an association, although a lack of correlation has been reported
between normal and tumour tissue from the same patient [33–35]. Our data may reflect that
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the time-delay in assessing intracellular ascorbate, necessitated by immune cell isolation
procedures, may have resulted in loss of ascorbate. We limited this possibility by using
a quick isolation kit that involves density separation with the centrifugation brake on, as
opposed to no brake, and by reducing all samples using TCEP to obtain total ascorbate [32].
As the lack of association was also seen in samples from healthy controls, it likely did not
arise as a result of the cancer or therapy.

Studies have demonstrated that higher classical monocyte frequencies were associated
with reduced overall survival and tumour resistance, while non-classical monocytes were
associated with improved progression-free survival in patients receiving immunother-
apy [13–15]. In contrast, it has also been reported that upregulation of both classical and
non-classical monocytes correlated with anti-PD1 therapy response [16]. As we only had
monocyte data for a total of 20 patients, the survival analysis was underpowered, and we
could not confirm survival associations with monocyte subsets.

CD14+HLA-DR expression has been reported as a predictor of immunotherapy re-
sponse [17], with increased expression suggesting activation and greater presentation of
tumour neoantigens to reactivated T cells, favouring positive therapy outcomes [17]. The
increased expression of HLA-DR in our immunotherapy cohort is indicative of possible
monocyte activation by the tumour and may contribute towards patient retention of the
immunotherapy. As many of the patients within this study have received immunotherapy
for extended periods, we may have indirectly selected patients with greater HLA-DR
expression. This is particularly plausible as CD14+HLA-DR low/− phenotypes are typically
associated with therapy-resistant tumours, causing therapy discontinuation [18]. Inter-
estingly, within the patient cohort, HLA-DR expression was positively correlated with
intracellular ascorbate concentration, a relationship that was not seen in healthy controls.

The associations between non-classical monocyte frequency and the presence of 5-hmC,
5-mC and cytidine were strong in healthy controls, making the loss of this relationship in the
immunotherapy cohort unexpected. The reasons for this are unclear, but may indicate differ-
entiation of non-classical monocytes from classical phenotypes [11,36]. We hypothesise that
immunotherapy, or prolonged immune response brought on by checkpoint inhibitors, may
disrupt epigenetic modifications involved with differentiation [12,37]. Interestingly, classical
monocyte frequency was positively associated with intracellular ascorbate concentration in
healthy controls, but lost in the immunotherapy cohort, suggesting that ascorbate may have
an active role in the maturation and/or release of classical monocytes from bone marrow only
in healthy controls [34,36]. It is noteworthy that the methylation status is measured in all
PBMCs whereas CD14+CD16+ cells only make up a very small proportion. Further work is
required to clarify any relationships and possible mechanisms.

We saw no associations between ascorbate and 5-hmC in PBMCs from either the healthy
or cancer cohorts. The epigenetic marker 5-hmC is the first step in demethylation via ascorbate-
dependent dioxygenase enzymes (TETs) and de-repression of global gene expression [27].
How ascorbate influences TET activity in the context of cancer, and patients receiving im-
munotherapy, remains unclear. Our data showed that 5-mC levels strongly correlated with
intracellular ascorbate in patients, but not controls. The epigenetic marker 5-mC is associated
with repression of gene expression, with our data indicating that patients’ PBMCs showed
repressed gene expression, possibly associated with terminal differentiation.

Immunotherapy patients were recruited at any point along their treatment journey, with
some having recently started therapy whereas others had been treated for several years. A
subgroup of the cohort was followed for more than a year, and another over two or more
appointments, but median intake and plasma ascorbate levels did not change over these
periods, indicating that dietary habits did not change and that ongoing therapy did not
adversely affect their ascorbate status. As NZ only continues to fund immunotherapy for those
showing response, our cohort was likely enriched with patients responding to immunotherapy.

Our data indicated that neither recorded severity of side effects (immune-related
adverse events) nor extent of tumour response (based on RECIST criteria) were associated
with plasma ascorbate levels. We also saw no survival differences when patients were
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stratified by ascorbate status. This is not entirely unexpected, as although the molecular
pathways governed by ascorbate are vital for immune cell maturation and function via
2-OGDD enzyme function [29], each patient is very complex, and numerous intrinsic and
extrinsic effects govern response. Side effects in our cohort were common, with most at the
low severity grade. This may reflect that patients who have more severe adverse events do
not continue treatment and that those with progressive disease will no longer have their
treatment funded, and thus likely reflects a bias for responders, as discussed above.

Melanomas are infiltrated by numerous immune cell types, besides monocytes and
T cells, that may modulate response to checkpoint inhibition, such as dendritic cells,
neutrophils and mast cells [38,39]. As the PBMCs could have contained a proportion of
these cell types, they may have contributed to the cellular ascorbate content.

Whether and how the ascorbate status of patients undergoing immunotherapy has
clinical implications remains to be determined. Clinical trials using ascorbate intervention
in patients with melanoma have not yet been reported, but results from animal studies are
encouraging. Melanomas grew more slowly and were rejected more effectively [40,41] in
ascorbate-treated mice, and immunotherapy treatment against melanoma tumours was
enhanced by ascorbate injections in mice [42,43].

Our observational study had several additional limitations. We were constrained
by the availability of patient samples, with most individuals providing a single sample
at one point during their immunotherapy schedule. An additional limitation was the
use of unrelated healthy controls, although this was mitigated to an extent by choosing
age-matched individuals.

Sophisticated techniques, such as single cell analyses and DNA methylation microar-
ray epigenotyping, are needed to confirm the role of ascorbate as a cofactor of dioxygenase
enzymes driving the associations between ascorbate and immune cell markers and epige-
netic modifications. To establish whether there is an effect of therapy on ascorbate measures
and whether ascorbate status modifies treatment response, samples before and after therapy
should be compared in future.

4. Materials and Methods
4.1. Ethics, Consent and Eligibility

This study was approved by the New Zealand Health and Disability Ethics Committee
(18/STH/223) with amendments AM01-AM04. Patients were recruited at Christchurch
Hospital, Te Whatu Ora Waitaha, Aotearoa/New Zealand, and age-matched healthy con-
trols were recruited at the University of Otago, Christchurch. Participants gave informed
consent for a blood draw of 5–10 mL via venipuncture, for administration of a brief dietary
questionnaire and for access to relevant medical information (patients only). Participants’
ethnicity was self-declared using the New Zealand census questions. Participants were
aged >18, with a confirmed diagnosis of cancer (patients only). Healthy controls had no
known current diagnosis of cancer. Only participants who had been fasting prior to the
blood draw, defined as no consumption of ascorbate in the previous 8 h, were included in
this study.

4.2. Study Participants

Participants were recruited between November 2018 and January 2022. Patients in
the immunotherapy cohort all had a diagnosis of metastatic melanoma and were recruited
from the Oncology Service, Christchurch Hospital. Patients in the immunotherapy cohort
were all partway through their treatment schedule, with at least one prior treatment. The
chemotherapy cohort included patients with various types of cancers, with 69 of n = 103
included in a previous study [19]. The presurgical cohort (n = 82) included patients with
a confirmed cancer diagnosis and who were all part of a previous study [19]. Healthy
volunteers were recruited as controls (n = 16).

All n = 63 patients receiving immunotherapy provided plasma ascorbate data, n = 25
had intracellular ascorbate data, and n = 20 had monocyte subset and DNA methylation
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data, with follow-up data on n = 45 for adverse reactions, n = 33 for treatment response
and n = 44 for overall survival. Of the healthy control cohort, all n = 16 had plasma
and intracellular ascorbate data, n = 14 had monocyte subset data and n = 9 had DNA
methylation data.

4.3. Patient Follow-Up

Patients with metastatic melanoma receiving immunotherapy were followed up for
~4 years after the blood draw and up to 7 years after diagnosis of metastatic melanoma. Side
effects, tumour response and overall survival were collected from clinical records. The severity
of immune-mediated adverse reactions over their treatment course was assessed, with the
highest reported grade documented. The grade was determined from the clinical record
using the CTCAE criteria (Version 5), where 0 represents no effect reported and 4 is the most
severe [44]. Best response to treatment was extracted from the clinical record and classified
as progressive disease (PD), stable disease (SD), partial response (PR) or complete response
(CR) [45]. Follow-up for survival was carried out for up to 7 years (until November 2023).
Survival was calculated from the date of first treatment until the date of death.

4.4. Materials

Unless specified, all chemicals were from Sigma-Aldrich (St. Louis, MO, USA).

4.5. Blood Sample and Plasma Collection

Peripheral blood was drawn by experienced phlebotomists, collected into 10 mL
sodium heparin vacutainer tubes (Becton Dickinson, Auckland, New Zealand) and placed
on ice. To preserve ascorbate content, all samples were processed within 1 h of collection.
For plasma collection, samples were centrifuged at 4 ◦C, and plasma was collected and
mixed with ice-cold perchloric acid (540 mM PCA) with diethylene-triaminepenta-acetic
acid (100 µM DTPA). Samples were centrifuged to remove protein flocculants and the
cleared plasma was stored at −80 ◦C until analysis.

4.6. Isolation of Blood Cells

Peripheral blood-derived mononuclear cells (PBMCs) were harvested from the blood
using lymphoprep density gradient centrifugation in SepMate PBMC Isolation tubes (Stem-
Cell Technologies, Tullamarine, Australia) and counted. One million PBMCs each were
required for ascorbate, mass spectrometry and flow cytometry analysis. For intracellular
ascorbate analysis, PBMCs were lysed by addition of PCA with DTPA, and frozen at −80 ◦C
until ascorbate analysis. For flow cytometry, PBMCs were dispersed in RPMI 1640 + Gluta-
Max buffer (Life TechnologiesTM, Carlsbad, CA, USA) and processed for antibody staining.
For mass spectrometry, DNA was extracted with a kit (NucleoSpin Tissue, Macherey-Nagel,
Allentown, PA, USA) and stored at −80 ◦C.

4.7. Ascorbate Analysis

Average daily intake of ascorbate was estimated from the dietary questionnaire, as
described previously [19]. Ascorbate content of plasma and PBMCs was measured using
reverse-phase high-performance liquid chromatography with electrochemical detection
(HPLC-EC). Briefly, to obtain total ascorbate content, samples were reduced with Tris-(2-
carboxyethyl)-phosphine (TCEP), and then diluted in PCA with DTPA, and samples were
separated by HPLC-EC [19]. For every run, a standard curve of sodium-L-ascorbate was
freshly prepared. Plasma ascorbate concentration is expressed as µM and intracellular
ascorbate is expressed as nmol ascorbate per one million cells.

4.8. Flow Cytometry

PBMCs concentrated to 5 × 106 cells/mL were stained with fluorescent antibodies
directed against the surface markers CD14, CD16 and HLA-DR (CD14:PerCP, CD16:FITC,
HLA-DR:PE) or IgG controls (BD Biosciences, Thermo Fisher Scientific, Sunnyvale, CA,
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USA). Fluorescent cells were measured by flow cytometry (Beckman Coulter, Cytomics FC
500 MPL, Miami, FL, USA). After compensation, the mean fluorescence intensity (MFI),
frequency of cells positively stained and resultant populations based on the combination of
markers were analysed using CXP Analysis (Beckman Coulter, Brea, CA, USA).

4.9. Mass Spectrometry

Nucleotides were liberated from the harvested DNA using a nucleotide digestion
kit (New England BioLabs, Ipswich, MA, USA). Samples were spiked with 85 fmoles of
cytidine, 5 fmoles of 5-methylcytidine (5-mC) and 0.13 fmoles of 5-hydroxymethylcytidine
(5-hmC) heavy isotopes. The cytidine species were measured using mass spectrometry
(QTRAP®6500) as the percentage of total cytidine species, as described previously [46].

4.10. Statistical Analyses

Data were analysed using GraphPad Prism V.10. Normality of data was assessed
using the D’Agostino and Pearson test. Categorical variables were compared by unpaired
t-tests, the Mann–Whitney test or ANOVA followed by Tukey’s post hoc tests. The relation-
ships between variables were assessed using Pearson correlation coefficients or Spearman
correlation for normally or non-normally distributed data, respectively. Survival analysis
was performed using R (Version 4.2.0 (22 April 2022)) and the Survival and Survminer
packages [47]. All p values are two-tailed, unpaired and with statistical significance set at
p < 0.05.

5. Conclusions

This study demonstrates that patients with metastatic melanoma receiving immunother-
apy have particularly low plasma and PBMC ascorbate levels. This indicates a need for
ascorbate supplementation, although patient ascorbate status did not align with response
to therapy. Associations between non-classical monocytes and cytidine species in PBMCs
were strong in healthy controls but lost in patients receiving immunotherapy. These
complex findings require further investigation in much larger cohorts to ascertain their
clinical implications.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/epigenomes8020017/s1: Figure S1: Ascorbate intake and
plasma levels of patients with metastatic melanoma receiving immunotherapy followed over time.
Figure S2: Relationship between the total number of immunotherapy doses received at the time of
blood draw and plasma ascorbate concentration in patients with metastatic melanoma.
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