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A B S T R A C T   

Introduction: Antiretroviral therapy for people living with HIV-1 must be taken lifelong due to the persistence of 
latent virus in long-lived and proliferating CD4+ T cells. Vitamin D3 is a steroidal gene transcription regulator 
which exerts diverse effects on immune and epithelial cells including reductions in CD4+ T cell proliferation and 
improvement in gut barrier integrity. We hypothesised that a high dose of vitamin D3 would reduce the size of 
the HIV-1 reservoir by reducing CD4+ T cell proliferation. 
Methods: We performed a randomised placebo-controlled trial evaluating the effect of 24 weeks of vitamin D3 
(10,000 international units per day) on the HIV-1 reservoir and immunologic parameters in 30 adults on anti
retroviral therapy; participants were followed for 12 weeks post-treatment. The primary endpoint was the effect 
on total HIV-1 DNA at week 24. Parameters were assessed using mixed-effects models. 
Results: We found no effect of vitamin D3 on the change in total HIV-1 DNA from week 0 to week 24 relative to 
placebo. There were also no changes in integrated HIV-1 DNA, 2-long-terminal repeat (2-LTR) circles or cell- 
associated HIV-1 RNA. Vitamin D3 induced a significant increase in the proportion of central memory CD4+

and CD8+ T cells, a reduction in the proportion of senescent CD8+ T cells and a reduction in the natural killer cell 
frequency at all time points including week 36, 12 weeks after the study drug cessation. At week 36, there was a 
significant reduction in total HIV-1 DNA relative to placebo and persistently elevated 25-hydroxyvitamin D 
levels. No significant safety issues were identified. 
Conclusions: Vitamin D3 administration had a significant impact on the T cell differentiation but overall effects on 
the HIV-1 reservoir were limited and a reduction in HIV-1 DNA was only seen following cessation of the study 
drug. Additional studies are required to determine whether the dose and duration of vitamin D3 can be optimised 
to promote a continued depletion of the HIV-1 reservoir over time. 
Trial registration: ClinicalTrials.gov NCT03426592.   
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1. Introduction 

Antiretroviral therapy (ART) in people living with HIV-1 infection 
(PLHIV) can potently suppress HIV-1 RNA in plasma; however, ART 
cannot eliminate HIV-1 which persists as integrated provirus in long- 
lived and proliferating CD4+ T cells. HIV-1 replicates efficiently 
within CD4+ T cells expressing CCR6, a marker of Th17 cells which line 
the gastrointestinal tract, and causes a profound depletion of CD4+ T 
cells in the gastrointestinal tract following infection.1,2 The loss of CD4+

T cells impairs the gut barrier integrity leading to bacterial translocation 
across the gut wall and chronic immune activation.3,4 This does not 
completely resolve on ART5–7 and may contribute to HIV-1 persistence 
on ART by stimulating the proliferation of latently infected CD4+ T 
cells.8–11 

Vitamin D3 is a steroidal regulator of gene transcription and exerts 
multiple immunomodulatory effects which may be beneficial in target
ing HIV-1 persistence. Vitamin D3 supplementation in PLHIV has been 
shown to increase the CD4+ T cell percentage and, in viraemic in
dividuals, to reduce HIV-1 viral load.12,13 In multiple sclerosis, high dose 
vitamin D3 has been shown to reduce T cell proliferation14 and to shift 
CD4+ T cells to a less differentiated phenotype.15 Vitamin D3 has also 
been shown to reduce the frequency of both Th1 and Th17 cells, which 
are known to be preferentially infected in PLHIV on ART.15–19 

Furthermore, vitamin D3 promotes the gut barrier integrity in animal 
models and in vitro20,21 and has been shown to enhance bacterial di
versity and reduce the bacterial pathogen colonisation in the upper 
gastrointestinal tract in healthy humans.22 

We hypothesised that a high dose vitamin D3 would reduce HIV-1 
persistence on ART through its effects on immune cells and the gut. 
To address this hypothesis, we performed a pilot randomised placebo- 
controlled trial evaluating the effect of 24 weeks of high dose vitamin 
D3 on HIV-1 persistence in PLHIV on suppressive ART. Dose and dura
tion were based on a multiple sclerosis study demonstrating clear 
immunologic effects of vitamin D3 including a shift towards less differ
entiated CD4+ T cell subsets.15 We assessed the pharmacokinetics and 
safety of vitamin D3 and its effects on a range of virologic and immu
nologic parameters. 

2. Materials and methods 

2.1. Study design and participants 

This pilot randomised double-blind placebo-controlled trial was 
conducted between February 5, 2018 and May 9, 2019. Thirty PLHIV 
over 18 years of age on ART with plasma HIV-1 RNA below 40 copies/ml 
for at least 3 years were recruited at three sites in Melbourne, Australia: 
Royal Melbourne Hospital, the Alfred Hospital and Melbourne Sexual 
Health Centre. Participants were required to have a screening 25- 
hydroxyvitamin D level between 50 nM and 125 nM, the lower limit 
being to avoid deficiency within the placebo arm. Complete inclusion 
and exclusion criteria are listed in the Supplementary Material pp 
53–55. 

2.2. Randomisation and blinding 

Participants were randomly assigned 1:1 to vitamin D3 or placebo 
with randomisation stratified by time-of-enrolment cohorts. Each such 
cohort comprised ten participants sequentially enrolled across all sites 
who were randomised and commenced on study drug simultaneously to 
facilitate similar seasonal endogenous vitamin D production over time. 
Details of the random allocation sequence generation, storage and use 
are outlined in the Supplementary Material p 44. Vitamin D3 and pla
cebo were over-encapsulated with identical hydroxypropylmethyl cel
lulose capsules to maintain blinding. Participants, study investigators, 
dispensing pharmacists and statisticians remained blinded to the treat
ment allocation until all data had been analysed. 

2.3. Procedures 

Participants received either 10,000 IU vitamin D3 capsules (Healthy 
Origins, Pennsylvania, USA) or placebo capsules (Swiss Caps Romania 
SRL, Cornu, Romania) which they were instructed to take orally once 
every morning for 24 weeks. The vitamin D3 capsules contained olive oil 
while the placebo capsules contained a mixture of palm oil, sunflower 
oil, rapeseed oil and tuna oil. All participants were also requested to 
consume at least 1g of dietary calcium per day throughout the trial using 
written and online resources (Supplementary Material p 63 and www. 
calorieking.com.au). Participants were advised to remain on ART 
throughout the trial. Study site visits occurred at weeks 0 (baseline), 12, 
24 and 36 (Fig. 1) while phone visits occurred at weeks 2, 6, 18 and 28. 
Details of procedures and specimens collected at each visit are outlined 
in the Supplementary Material pp 47–50 while specimen processing is 
outlined in the Supplementary Material pp 42–43. 

2.4. Laboratory assays 

Details of nested real-time PCRs for total HIV-1 DNA, integrated HIV 
DNA, 2-long terminal repeat (2-LTR) circles and unspliced HIV-1 RNA, 
cellular immunophenotyping using flow cytometry and 25-hydroxyvita
min D and high sensitivity C-reactive protein (hsCRP) assays are 
described in the Supplementary Material pp 2–3. For flow cytometry 
analysis, T cell maturation subsets were distinguished using CD45RA, 
CCR7 and CD27 as previously described.8,23 Fluorescent antibodies used 
are shown in Table S1 while the gating strategy is shown in Fig. S1. 

2.5. Outcomes 

The primary outcome was the fold difference between the vitamin D3 
and placebo arms in the mean fold change in frequency of total HIV-1 
DNA (copies/106 CD4+ T cells) from week 0 to week 24. Secondary 
outcomes included fold differences between groups in fold change over 
time from week 0 to weeks 12, 24 and 36 in frequency of total HIV-1 
DNA (other than week 24), integrated HIV-1 DNA, 2-LTR circles and 
unspliced HIV-1 RNA and absolute differences between groups in ab
solute change over time from baseline to weeks 12, 24 and 36 in fre
quency of CD4+ T cells, CD8+ T cells and NK cells, their maturation 
subsets, activation status, exhaustion marker and chemokine receptor 
expression and serum hsCRP and 25-hydroxyvitamin D levels. Other 
secondary endpoints included study drug and dietary calcium adherence 
and incidence and severity of adverse events. 

2.6. Statistics 

No data was available to estimate the size or standard deviation of 
the effect of vitamin D3 on HIV-1 DNA to perform a power calculation. 
This was a pilot study to generate these estimates to inform a power 
calculation for future studies. Sample size was determined based on cost 
and feasibility. All analyses were by intention-to-treat; no imputation 
was made for missing data. A 2-sided 5% significance threshold (and 
corresponding 95% confidence interval) was used as an indication of 
association. Thus 95% confidence intervals around differences between 
groups that excluded 1 for fold differences or 0 for absolute differences 
were considered significant. The statistical analysis plan is detailed in 
the Supplementary Material pp 17–21 while details of the statistical 

Fig. 1. Study protocol.  
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approach used for each assay are outlined in the Supplementary Mate
rial p 2. 

2.7. Study approval 

The study was approved by the Human Research Ethics Committee of 
Melbourne Health, Melbourne, Australia and carried out in accordance 
with the National Health and Medical Research Council National 
Statement on Ethical Conduct in Human Research 2007 (updated 2018) 
and the Note for Guidance on Good Clinical Practice (CPMP/ICH-135/ 
95). Written participant consent was obtained prior to any study related 
activities. The trial is registered at clinicaltrials.gov (NCT03426592). 

3. Results 

3.1. Participants 

Of 42 potential participants screened for trial eligibility, 30 were 
enrolled and randomised to the vitamin D3 arm (n = 15) or the placebo 
arm (n = 15). Three participants in the vitamin D3 arm withdrew from 
the study early for personal reasons (two prior to starting study drug and 
one prior to week 12). In the placebo arm, one participant withdrew 
from the study for personal reasons after week 12 and another withdrew 
from the study drug after week 12 due to an adverse event (grade 2 
constipation considered possibly related to study drug) but remained on 
the study and had all study procedures as per protocol (Fig. 2). There
fore, 12 participants in the vitamin D3 arm and 14 in the placebo arm 
were evaluated for the primary endpoint. Baseline characteristics were 
similar between groups (Table 1). 

3.2. Pharmacokinetics and adherence 

The 25-hydroxyvitamin D levels were similar at baseline between 
groups and increased in the vitamin D3 arm to a mean of 228 nM (95% CI 
187 nM–279 nM) at week 12 and 248 nM (95% CI 203 nM–304 nM) at 
week 24 (Fig. 3A). Relative to the placebo arm, 25-hydroxyvitamin D 
levels changed from baseline by 170 nM (95% CI 131 nM–209 nM) at 
week 12 and 185 nM (95% CI 142 nM–228 nM) at week 24. Levels 
remained slightly elevated relative to the placebo arm at week 36 (dif
ference 45 nM (95% CI 23 nM–66 nM)) (Fig. 3B). Adherence to study 
drug and dietary calcium was high with no differences seen between 
study arms (Fig. S2). 

3.3. Safety 

One serious adverse event occurred during the trial; this was hospi
talisation for community acquired pneumonia complicating influenza A 
infection in a placebo arm participant. Non-serious adverse events were 
evenly balanced between groups and were all grade 1 or 2 with the 
exception of one grade 3 event (Table S2); no grade 4 events occurred. 
One case of hypercalcemia occurred; this was asymptomatic and 
occurred in a participant receiving vitamin D3 at week 24. The level was 
minimally elevated at 2.65 mM and returned to normal one week later 
following routine cessation of study drug. No cases of symptomatic 
hypercalciuria occurred; asymptomatic hypercalciuria in the vitamin D3 
arm was 0.58 (95% CI 0.09 to 2.49) fold that in the placebo arm (2 of 13 
participants in the vitamin D3 arm and 4 of 15 in the placebo arm). 

3.4. Virology 

Our primary goal was to determine the effect of high dose vitamin D3 
on markers of HIV-1 persistence (total and integrated HIV-1 DNA, 2-LTR 
circles and unspliced HIV-1 RNA, Fig. 4A–D). For the primary endpoint, 
there was no significant difference in total HIV-1 DNA between partic
ipants in the vitamin D3 and placebo arms (1.15 (95% CI 0.93 to 1.40) 
fold difference in the change in frequency of total HIV-1 DNA per 106 Fig. 2. Trial profile.  

Table 1 
Baseline characteristics.   

Placebo (n =
15) 

Vitamin D3 

(n = 15) 
Total (N =
30) 

Age, median (IQR), years 49 (38–54) 50 (35–52) 49 (38–52) 
Gender and sex – cisgender male, 

no. (%) 
15 (100) 15 (100) 30 (100) 

Race 
Indigenous Australian, no. (%) 0 (0) 1 (7) 1 (3) 
White, no. (%) 14 (93) 13 (87) 27 (90) 
Black, no. (%) 1 (7) 0 (0) 1 (3) 
Pacific Islander, no. (%) 0 (0) 1 (7) 1 (3) 

Duration of HIV-1 infection, 
median (IQR), years 

12 (9–15) 11 (6–18) 11 (7–16) 

CD4 T cell count nadir, median 
(IQR), cells/μL 

320 
(180–476) 

265 
(52–499) 

280 
(109–484) 

Time since CD4 T cell count nadir, 
median (IQR), years 

9 (4–12) 7 (5–11) 8 (5–12) 

Most recent CD4 T cell count, 
median (IQR), cells/μL 

700 
(630–1154) 

830 
(701–910) 

782 
(635–1052) 

ART containing: 
NNRTI, no. (%) 9 (60) 4 (27) 13 (43) 
Integrase inhibitor, no. (%) 5 (33) 10 (67) 15 (50) 
Protease inhibitor, no. (%) 1 (7) 3 (20) 4 (13) 

Systolic BP, median (IQR), mmHg 120 
(110–133) 

125 
(115–130) 

120 
(115–130) 

Diastolic BP, median (IQR), 
mmHg 

74 (70–85) 80 (72–89) 80 (70–85) 

BMI, median (IQR), kg/m2 27 (25–28) 25 (23–29) 26 (24–28) 
No. of comorbidities, median 

(IQR) 
2 (1–8) 2 (1–4) 2 (1–5) 

Comorbidities 
Smoking, no. (%) 2 (13) 3 (20) 5 (17) 
Alcohol misuse, no. (%) 1 (7) 2 (13) 3 (10) 
Intravenous drug use, no. (%) 1 (7) 1 (7) 2 (7) 
Previous hepatitis B, no. (%) 1 (7) 1 (7) 2 (7) 
Previous hepatitis C, no. (%) 3 (20) 2 (13) 5 (17) 
Hypertension, no. (%) 2 (13) 3 (20) 5 (17) 
Hypercholesterolaemia, no. (%) 4 (27) 3 (20) 7 (23) 
Diabetes mellitus, no. (%) 1 (7) 0 (0) 1 (3) 
Class 1 obesity, no. (%) 0 (0) 2 (13) 2 (7) 
Ischemic heart disease, no. (%) 1 (7) 0 (0) 1 (3) 
Congestive cardiac failure, no. 
(%) 

0 (0) 0 (0) 0 (0) 

COPD, no. (%) 0 (0) 1 (7) 1 (3) 
Malignancy, no. (%) 1 (7) 0 (0) 1 (3) 

Abbreviations: ART = antiretroviral therapy; NNRTI = non-nucleoside reverse 
transcriptase inhibitor; COPD = chronic obstructive pulmonary disease. 
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CD4+ T cells from baseline to week 24 (p = 0.19)). From baseline to 
week 12 there was a 1.24 (95% CI 1.01 to 1.51) fold increase (p = 0.039) 
and from baseline to week 36 there was a 0.76 (95% CI 0.62 to 0.94) fold 
decrease (p = 0.009) in frequency of total HIV-1 DNA relative to those in 
the placebo arm (Fig. 4E). The other virologic endpoints showed no 
significant effect of vitamin D3 (Fig. 4E). All participants maintained a 
plasma viral load below 40 HIV-1 copies/ml throughout the trial. 

3.5. CD4+ and CD8+ T cell maturation subsets 

Our secondary goal was to determine the impact of high dose vitamin 
D3 on immune cell differentiation and other immunologic parameters 
that might be relevant to HIV reservoir size. There were no significant 
differences between arms in change over time in CD4+ T cells, CD8+ T 
cells or B cells as a proportion of viable cells (Table S3). We expected 
vitamin D3 to shift CD4+ T cells to a less differentiated phenotype.15 

Accordingly, relative to placebo, the vitamin D3 arm was associated with 
an increased frequency of central memory (CM) CD4+ T cells at each 
time point and a decrease in frequencies of effector memory (EM) and 
terminally differentiated (TD) CD4+ T cell subsets which were signifi
cant at week 36 for EM CD4+ T cells and at week 24 for TD CD4+ T cells 
(Fig. 5A, Table S3 & Fig. S3). Similarly, CD8+ T cells showed a clear shift 
towards less differentiated subsets in participants receiving vitamin D3 
relative to placebo with a significant increase in CM CD8+ T cells and a 
decrease in effector memory re-expressing CD45RA (EMRA) CD8+ T 
cells at all time points (Fig. 5B, Table S3 & Fig. S4). Naïve CD8+ T cell 
frequency also increased at week 36 relative to placebo. 

3.6. CD4+ and CD8+ T cell activation, exhaustion and chemokine 
receptor expression 

Relative to the placebo arm, participants in the vitamin D3 arm had 

an increase in frequency of activated CD38+HLA-DR+ CD8+ T cells at 
week 12 and of exhausted PD-1+ CD8+ T cells at week 24 (Table S3 & 
Fig. S5). At week 36, participants in the vitamin D3 arm had an increase 
in frequency of activated CD38+HLA-DR+ CD4+ T cells (Table S3 & 
Fig. S6). Relative to placebo, participants in the vitamin D3 arm 
demonstrated an unexpected increase in frequency of Th17 
(CCR6+CXCR3-) CD4+ T cells at weeks 12 and 24 whereas there was a 
reduction in frequency of Th1 (CCR6-CXCR3+) CD4+ T cells at week 12 
(Table S3 & Fig. S6). Participants in the vitamin D3 arm demonstrated a 
reduction in the frequency of senescent CD57+ CD8+ T cells at each time 
point relative to placebo (Table S3 & Fig. S5). 

3.7. Natural killer (NK) cells and high-sensitivity C-reactive protein 
(hsCRP) 

Relative to placebo, in the vitamin D3 arm there was a significant 
decrease in the frequency of total NK cells at all time points (Fig. S7 & 
Table S3). There was no significant difference between arms in the 
change over time in the frequency of NK cell maturation subsets, 
including regulatory NK cells (CD56bright), cytotoxic NK cells 
(CD56dimCD16+) or cytotoxic NK cells that had shed CD16 
(CD56dimCD16-24) (Table S3 & Fig. S8). We also evaluated NK cells 
expressing NKG2A and NKG2C, receptors for the non-classical MHC 
class Ib molecule HLA-E which appears to play an important role in 
immune control of HIV-1.25 The NKG2A inhibits NK cell activation upon 
recognition of self-peptide derived from the leader sequence of MHC 
class Ia (HLA-A, -B or –C) presented on HLA-E; however, pathologic 
alteration of peptide expression on HLA-E can activate NK cells either 
through NKG2A disinhibition or NKG2C activation.26–28 We found an 
increase in the frequency of NKG2A+NKG2C– NK cells and decrease in 
frequency of NKG2A-NKG2C+ NK cells at weeks 12 and 24 relative to 
placebo (Fig. S7 & Table S3). Participants in the vitamin D3 arm had an 

Fig. 3. Pharmacokinetics. 
(A) 25-hydroxyvitamin D levels within each group 
over time; means and 95% confidence intervals are 
depicted. n = 12, 12, 12, 12 for vitamin D3 arm and n 
= 15, 15, 14, 13 for placebo arm at weeks 0, 12, 24 
and 36 respectively (sample missing in one placebo 
arm participant at week 36). (B) Effect of vitamin D3 
on change in 25-hydroxyvitamin D levels from base
line relative to placebo. Means and 95% confidence 
intervals are shown as determined using mixed effects 
linear models. n = 12, 12, 12 for vitamin D3 arm and 
n = 15, 14, 13 for placebo arm at weeks 12, 24 and 36 
respectively.   
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increase relative to placebo in the frequency of activated 
CD38+HLA-DR+ NK cells at weeks 24 and 36 (Fig. S7 & Table S3). 
There was no difference between arms in the change in hsCRP level over 
time (Table S3). 

4. Discussion 

This is the first reported study to evaluate the effect of high dose 
vitamin D3 on the HIV-1 reservoir in PLHIV on ART. Although no 
toxicity has ever been reported with doses of vitamin D3 up to 10,000 
IU/day,29 this dose has not previously been evaluated in the context of 
ART. We found no difference between the vitamin D3 arm and the pla
cebo arm in the change in frequency of total HIV-1 DNA within CD4+ T 
cells from baseline to week 24. However, relative to placebo, there was 
an increase in total HIV-1 DNA in the vitamin D3 arm from baseline to 
week 12 and a decrease from baseline to week 36 (12 weeks after 
ceasing study drug) without any significant changes in integrated HIV-1 
DNA, 2-LTR circles or cell associated HIV-1 RNA. We found an increase 
in the frequency of both CD4+ and CD8+ CM T cells, a reduction in se
nescent CD8+ T cells and a reduction in NK cells at all time points, 
including following cessation of vitamin D3. We also saw some changes 
in T cell activation and exhaustion although these were not maintained 
over the duration of the study drug administration. No significant safety 
issues were identified throughout the trial. 

Our study demonstrated limited impact of high dose vitamin D3 on 
the HIV-1 reservoir. The increase that we saw in total HIV-1 DNA at 

week 12 was of marginal significance and not maintained at week 24 
whilst still on study drug. However, the reduction in total HIV-1 DNA at 
week 36 had a confidence interval well clear of 1.0 making a false 
positive result less likely. The 25-hydroxyvitamin D levels were still 
elevated at this time point relative to placebo, likely reflecting its long 
half-life in vivo.30 We believe that our findings could have several in
terpretations: the effect of vitamin D3 on HIV-1 DNA could be 
time-dependent (ie 24 weeks of exogenous vitamin D3 exposure is 
insufficient but 36 weeks is sufficient for a beneficial effect), 
dose-dependent (ie vitamin D3 only exerts a beneficial effect at lower 
levels) or withdrawal-dependent (ie exposure to a high dose was 
necessary for a beneficial effect to be seen at subsequent lower 
25-hydroxyvitamin D levels). Further trials would be required to 
determine which of these explanations is correct. 

Whilst the point estimates for the mean effect on integrated HIV-1 
DNA were similar to those for total HIV-1 DNA at each time point, 
confidence intervals were wider in keeping with the greater coefficient 
of variation for the integrated HIV-1 DNA assay.31 Despite the observed 
changes in HIV-1 DNA, it is important to note that more than 90% of 
total HIV-1 DNA detected by standard PCR methods is defective and 
therefore not capable of replicating and causing viral rebound upon ART 
cessation.32 Whilst the frequency of total HIV-1 DNA in PLHIV on 
long-term suppressive ART correlates closely with the intact virus,33 we 
cannot exclude a differing effect of vitamin D3 on the intact and defec
tive HIV-1 DNA. Quantification of the intact HIV-1 DNA and replication 
competent virus will be important in any future studies.32 

Fig. 4. Virology. 
(A) Total HIV-1 DNA, (B) integrated HIV DNA, (C) 2- 
LTR circles and (D) unspliced HIV-1 RNA within each 
group over time; means and 95% confidence intervals 
are depicted. n = 12, 12, 12, 12 for vitamin D3 arm 
and n = 15, 15, 14, 14 for placebo arm at weeks 0, 12, 
24 and 36 respectively for each assay. (E) Effect of 
vitamin D3 on change in frequency of HIV-1 DNA and 
RNA within CD4+ T cells from baseline relative to 
placebo. Means and 95% confidence intervals are 
shown as determined using mixed effects negative 
binomial regression models. n = 12, 12, 12 for 
vitamin D3 arm and n = 15, 14, 14 for placebo arm at 
weeks 12, 24 and 36 respectively for each assay.   
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The most striking findings in our study were immunological. Vitamin 
D3 induced a clear increase in the proportion of both CD4+ and CD8+ CM 
T cells and a reduction in more differentiated T cells. This likely reflects 
the known effect of vitamin D3 in reducing CD4+ and CD8+ T cell pro
liferation.14,34 The CD4+ T cell proliferation is an important mechanism 
for HIV-1 persistence on ART.8,9 Previous work has shown a higher 
frequency of HIV-1 DNA and clonal expansion of infected cells within 
more mature CD4+ T cell subsets such as EM compared to less mature 
CM CD4+ T cells.35 These changes in CD4+ T cell subsets were observed 
at all time points, including at week 36 despite the reduction in 
25-hydroxyvitamin D level, suggesting that an ongoing antiproliferative 
effect could have contributed to the reduction in total HIV-1 DNA seen at 
week 36. 

In regard to T helper subsets, the reduction in Th1 cell frequency was 
not surprising16 whereas we expected a decrease in the frequency of 
Th17 cells based on findings of high dose vitamin D3 in multiple scle
rosis.15 However, the effect of vitamin D3 on Th17 cells may not 
necessarily be the same for PLHIV as for people with multiple sclerosis. 
For instance, if HIV-1 selectively depletes Th17 cells in more differen
tiated CD4+ T cell subsets, a vitamin D3-induced shift towards less 
differentiated subsets (which was seen in both our study and the mul
tiple sclerosis study15) could increase the total Th17 cell frequency, even 
if vitamin D3 reduced the frequency of Th17 cells within each 

maturation subset. Irrespective, the increase in Th17 cells in our study 
may have contributed to the transient increase in total HIV-1 DNA at 
week 12 as CD4+ T cells expressing CCR6 are also known to be enriched 
for HIV-1 DNA.18,19,36 

We observed changes in CD8+ T cells and NK cells induced by 
vitamin D3 that may have favoured clearance of infected cells. For 
example, the reduction of senescent CD8+ T cells by vitamin D3 at all 
time points may have enhanced HIV-1 specific CD8+ T cell function and 
therefore elimination of HIV-1-infected cells.37,38 Further studies would 
be required to evaluate this possibility. The increase in frequency of 
NKG2A+NKG2C– NK cells could also have contributed to the depletion 
of total HIV-1 DNA. Infected CD4+ T cells can present a conserved HIV-1 
peptide on HLA-E which is not recognised by the inhibitory 
NKG2A/CD94 receptor complex leading to disinhibition and potent 
killing by NKG2A+ NK cells.39 In contrast, NK cells expressing NKG2C 
do not exhibit enhanced degranulation in response to HIV-1-infected 
cells potentially due to co-expression by these NK cells of inhibitory 
receptors to HLA-C.39 

The main strength of this study was its randomised double-blind 
placebo-controlled design providing a high degree of internal validity. 
The main limitation was the small sample size which increases the risk of 
false negative results. Additionally, multiplicity of testing with a small 
sample size increases the risk of false positive results. However, as a pilot 
trial, our analyses were exploratory and results will need to be 
confirmed in future studies. Other important limitations were that intact 
virus was not measured and that we only evaluated the HIV-1 reservoir 
in blood whereas the majority of the reservoir resides in lymphoid tissue. 
The predominance of white males in our trial limits generalisability of 
our findings to females and other racial groups. Finally, we cannot 
exclude the possibility of some of our results being due to differences in 
oil content between the vitamin D3 and placebo capsules; however, this 
seems unlikely considering that these are commonly consumed in much 
higher quantities in the diet. 

5. Conclusions 

Vitamin D3 had no effect on the change in frequency of total HIV-1 
DNA in peripheral blood CD4+ T cells from baseline to week 24. How
ever, it had a number of immunologic effects which may be relevant to 
the HIV-1 reservoir size as there was a reduction in total HIV-1 DNA at 
week 36, 12 weeks after ceasing the study drug, with persistently 
elevated 25-hydroxyvitamin D levels at this time point compared to 
placebo. Additional studies are required to determine whether the dose 
and duration of vitamin D3 can be further optimised to promote a 
continued depletion of the HIV-1 reservoir over time. 

Authors’ contributions 

MCP: conceptualisation, methodology, validation, investigation, 
data curation, writing – original draft, writing – review and editing, 
visualisation, project administration; NM: formal analysis, writing – 
review and editing, visualisation; DJP: formal analysis, writing – review 
and editing, visualisation; AR: validation, investigation, writing – re
view and editing; JJC: writing – review and editing, supervision; BS: 
methodology, data curation, writing – review and editing, project 
administration; BA: resources, writing – review and editing; AS: re
sources, writing – review and editing; JHM: methodology, writing – 
review and editing; TAR: methodology, writing – review and editing; 
PUC: methodology, writing – review and editing, supervision; JFH: 
methodology, resources, writing – review and editing, supervision; SJK: 
methodology, resources, writing – review and editing, supervision, 
funding acquisition; SRL: conceptualisation, methodology, resources, 
writing – original draft, writing – review and editing, visualisation, su
pervision, project administration, funding acquisition. 

Fig. 5. CD4+ and CD8+ T cell maturation subsets. 
Effect of vitamin D3 on change in frequency of (A) CD4+ and (B) CD8+ T cell 
maturation subsets from baseline relative to placebo. Means and 95% confi
dence intervals are shown as determined using mixed effects linear models. n =
12, 12, 12 for vitamin D3 arm and n = 15, 14, 14 for placebo arm at weeks 12, 
24 and 36 respectively for each assay. CM = central memory; TM = transitional 
memory; EM = effector memory; TD = terminally differentiated; EMRA =
effector memory re-expressing CD45RA. 

M.C. Pitman et al.                                                                                                                                                                                                                              



Journal of Virus Eradication 9 (2023) 100345

7

Funding 

This work was supported by the National Health and Medical 
Research Council (Program Grant number 1149990 to SRL and SJK). 
The funding body had no role in study design, data collection, analysis 
or interpretation, manuscript writing or the decision to submit for 
publication. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgements 

We are very grateful to the study participants for their time and 
commitment to the study. We thank the clinical research teams at Royal 
Melbourne Hospital, including Jeni Mitchell; the Alfred Hospital, 
including Janine Roney and Michelle Hagenauer; and Melbourne Sexual 
Health Centre, including Julie Silvers and Helen Kent, for their essential 
role in carrying out the study at their respective sites. We would also like 
to thank the Melbourne Cytometry Platform (Doherty Institute node) for 
their assistance in immunology panel design and provision of cytometry 
services. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jve.2023.100345. 

References 

1 Gosselin A, Monteiro P, Chomont N, et al. Peripheral blood CCR4+CCR6+ and 
CXCR3+CCR6+CD4+ T cells are highly permissive to HIV-1 infection. J Immunol. 
2010;184:1604–1616. https://doi.org/10.4049/jimmunol.0903058. 

2 Brenchley JM, Paiardini M, Knox KS, et al. Differential Th17 CD4 T-cell depletion in 
pathogenic and nonpathogenic lentiviral infections. Blood. 2008;112:2826–2835. 
https://doi.org/10.1182/blood-2008-05-159301. 

3 Page EE, Greathead L, Metcalf R, et al. Loss of Th22 cells is associated with increased 
immune activation and IDO-1 activity in HIV-1 infection. J Acquir Immune Defic 
Syndr. 2014;67:227–235. https://doi.org/10.1097/qai.0000000000000294. 

4 Brenchley JM, Price DA, Schacker TW, et al. Microbial translocation is a cause of 
systemic immune activation in chronic HIV infection. Nat Med. 2006;12:1365–1371. 
https://doi.org/10.1038/nm1511. 

5 Rajasuriar R, Booth D, Solomon A, et al. Biological determinants of immune 
reconstitution in HIV-infected patients receiving antiretroviral therapy: the role of 
interleukin 7 and interleukin 7 receptor alpha and microbial translocation. J Infect 
Dis. 2010;202:1254–1264. https://doi.org/10.1086/656369. 

6 Somsouk M, Estes JD, Deleage C, et al. Gut epithelial barrier and systemic 
inflammation during chronic HIV infection. AIDS. 2015;29:43–51. https://doi.org/ 
10.1097/qad.0000000000000511. 

7 Sereti I, Krebs SJ, Phanuphak N, et al. Persistent, albeit reduced, chronic 
inflammation in persons starting antiretroviral therapy in acute HIV infection. Clin 
Infect Dis. 2017;64:124–131. https://doi.org/10.1093/cid/ciw683. 

8 Chomont N, El-Far M, Ancuta P, et al. HIV reservoir size and persistence are driven 
by T cell survival and homeostatic proliferation. Nat Med. 2009;15:893–900. https:// 
doi.org/10.1038/nm.1972. 

9 Wang Z, Gurule EE, Brennan TP, et al. Expanded cellular clones carrying replication- 
competent HIV-1 persist, wax, and wane. Proc Natl Acad Sci U S A. 2018;115: 
E2575–E2584. https://doi.org/10.1073/pnas.1720665115. 

10 Gantner P, Pagliuzza A, Pardons M, et al. Single-cell TCR sequencing reveals 
phenotypically diverse clonally expanded cells harboring inducible HIV proviruses 
during ART. Nat Commun. 2020;11:4089. https://doi.org/10.1038/s41467-020- 
17898-8. 

11 Simonetti FR, Sobolewski MD, Fyne E, et al. Clonally expanded CD4+ T cells can 
produce infectious HIV-1 in vivo. Proc Natl Acad Sci U S A. 2016;113:1883–1888. 
https://doi.org/10.1073/pnas.1522675113. 

12 Steenhoff AP, Schall JI, Samuel J, et al. Vitamin D(3)supplementation in Batswana 
children and adults with HIV: a pilot double blind randomized controlled trial. PLoS 
One. 2015;10, e0117123. https://doi.org/10.1371/journal.pone.0117123. 

13 Stallings VA, Schall JI, Hediger ML, et al. High-dose vitamin D3 supplementation in 
children and young adults with HIV: a randomized, placebo-controlled trial. Pediatr 
Infect Dis J. 2015;34:e32–e40. https://doi.org/10.1097/inf.0000000000000483. 

14 Burton JM, Kimball S, Vieth R, et al. A phase I/II dose-escalation trial of vitamin D3 
and calcium in multiple sclerosis. Neurology. 2010;74:1852–1859. https://doi.org/ 
10.1212/WNL.0b013e3181e1cec2. 

15 Sotirchos ES, Bhargava P, Eckstein C, et al. Safety and immunologic effects of high- 
vs low-dose cholecalciferol in multiple sclerosis. Neurology. 2016;86:382–390. 
https://doi.org/10.1212/wnl.0000000000002316. 

16 Sheikh V, Kasapoglu P, Zamani A, Basiri Z, Tahamoli-Roudsari A, Alahgholi- 
Hajibehzad M. Vitamin D3 inhibits the proliferation of T helper cells, downregulate 
CD4(+) T cell cytokines and upregulate inhibitory markers. Hum Immunol. 2018;79: 
439–445. https://doi.org/10.1016/j.humimm.2018.03.001. 

17 Lee GQ, Orlova-Fink N, Einkauf K, et al. Clonal expansion of genome-intact HIV-1 in 
functionally polarized Th1 CD4+ T cells. J Clin Invest. 2017;127:2689–2696. https:// 
doi.org/10.1172/jci93289. 

18 Anderson JL, Khoury G, Fromentin R, et al. Human immunodeficiency virus (HIV)- 
Infected CCR6+ rectal CD4+ T cells and HIV persistence on antiretroviral therapy. 
J Infect Dis. 2020;221:744–755. https://doi.org/10.1093/infdis/jiz509. 

19 Khoury G, Anderson JL, Fromentin R, et al. Persistence of integrated HIV DNA in 
CXCR3 + CCR6 + memory CD4+ T cells in HIV-infected individuals on 
antiretroviral therapy. AIDS. 2016;30:1511–1520. https://doi.org/10.1097/ 
qad.0000000000001029. 

20 Liu W, Chen Y, Golan MA, et al. Intestinal epithelial vitamin D receptor signaling 
inhibits experimental colitis. J Clin Invest. 2013;123:3983–3996. https://doi.org/ 
10.1172/jci65842. 

21 Chen SW, Wang PY, Zhu J, et al. Protective effect of 1,25-dihydroxyvitamin d3 on 
lipopolysaccharide-induced intestinal epithelial tight junction injury in caco-2 cell 
monolayers. Inflammation. 2015;38:375–383. https://doi.org/10.1007/s10753-014- 
0041-9. 

22 Bashir M, Prietl B, Tauschmann M, et al. Effects of high doses of vitamin D3 on 
mucosa-associated gut microbiome vary between regions of the human 
gastrointestinal tract. Eur J Nutr. 2016;55:1479–1489. https://doi.org/10.1007/ 
s00394-015-0966-2. 

23 Booiman T, Wit FW, Girigorie AF, et al. Terminal differentiation of T cells is strongly 
associated with CMV infection and increased in HIV-positive individuals on ART and 
lifestyle matched controls. PLoS One. 2017;12, e0183357. https://doi.org/10.1371/ 
journal.pone.0183357. 

24 Grzywacz B, Kataria N, Verneris MR. CD56(dim)CD16(+) NK cells downregulate 
CD16 following target cell induced activation of matrix metalloproteinases. 
Leukemia. 2007;21:356–359. https://doi.org/10.1038/sj.leu.2404499. author reply 
9. 

25 Romero-Martín L, Duran-Castells C, Olivella M, et al. Disruption of the HLA-E/ 
NKG2X axis is associated with uncontrolled HIV infections. Front Immunol. 2022;13, 
1027855. https://doi.org/10.3389/fimmu.2022.1027855. 

26 Hammer Q, Dunst J, Christ W, et al. SARS-CoV-2 Nsp13 encodes for an HLA-E- 
stabilizing peptide that abrogates inhibition of NKG2A-expressing NK cells. Cell Rep. 
2022;38, 110503. https://doi.org/10.1016/j.celrep.2022.110503. 

27 Mbiribindi B, Pena JK, Arvedson MP, et al. Epstein-Barr virus peptides derived from 
latent cycle proteins alter NKG2A + NK cell effector function. Sci Rep. 2020;10, 
19973. https://doi.org/10.1038/s41598-020-76344-3. 

28 Hammer Q, Rückert T, Borst EM, et al. Peptide-specific recognition of human 
cytomegalovirus strains controls adaptive natural killer cells. Nat Immunol. 2018;19: 
453–463. https://doi.org/10.1038/s41590-018-0082-6. 

29 Ross AC, Manson JE, Abrams SA, et al. The 2011 report on dietary reference intakes 
for calcium and vitamin D from the Institute of Medicine: what clinicians need to 
know. J Clin Endocrinol Metab. 2011;96:53–58. https://doi.org/10.1210/jc.2010- 
2704. 

30 Jones KS, Assar S, Harnpanich D, et al. 25(OH)D2 half-life is shorter than 25(OH)D3 
half-life and is influenced by DBP concentration and genotype. J Clin Endocrinol 
Metab. 2014;99:3373–3381. https://doi.org/10.1210/jc.2014-1714. 

31 Vandergeeten C, Fromentin R, Merlini E, et al. Cross-clade ultrasensitive PCR-based 
assays to measure HIV persistence in large-cohort studies. J Virol. 2014;88: 
12385–12396. https://doi.org/10.1128/jvi.00609-14. 

32 Bruner KM, Wang Z, Simonetti FR, et al. A quantitative approach for measuring the 
reservoir of latent HIV-1 proviruses. Nature. 2019;566:120–125. https://doi.org/ 
10.1038/s41586-019-0898-8. 

33 Bosch RJ, Gandhi RT, Mar H, et al. Associations between multiple measures of HIV-1 
persistence in persons on suppressive antiretroviral therapy. J Infect Dis. 2022;225: 
2163–2166. https://doi.org/10.1093/infdis/jiac030. 

34 Datta-Mitra A, Mitra A, Ray R, Raychaudhuri SP, Kundu-Raychaudhuri S. 1,25- 
Dihydroxyvitamin D3-3-bromoacetate, a novel vitamin D analog induces 
immunosuppression through PI3K/Akt/mTOR signaling cascade. Int Immunopharm. 
2013;17:744–751. https://doi.org/10.1016/j.intimp.2013.08.009. 

35 Bacchus-Souffan C, Fitch M, Symons J, et al. Relationship between CD4 T cell 
turnover, cellular differentiation and HIV persistence during ART. PLoS Pathog. 2021; 
17, e1009214. https://doi.org/10.1371/journal.ppat.1009214. 

36 Gosselin A, Wiche Salinas TR, Planas D, et al. HIV persists in CCR6+CD4+ T cells 
from colon and blood during antiretroviral therapy. AIDS. 2017;31:35–48. https:// 
doi.org/10.1097/qad.0000000000001309. 
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