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Summary
Background HIV-1-associated immune activation drives CD4+ T cell depletion and the development of acquired
immunodeficiency syndrome. We aimed to determine the role of nicotinamide mononucleotide (NMN), the direct
precursor of nicotinamide adenine dinucleotide (NAD) co-enzyme, in CD4+ T cell modulation during HIV-1
infection.

Methods We examined HIV-1 integrated DNA or transcribed RNA, intracellular p24 protein, and T cell activation
markers in CD4+ T cells including in vitro HIV-1-infected cells, reactivated patient-derived cells, and in HIV-1-
infected humanized mice, under NMN treatment. RNA-seq and CyTOF analyses were used for investigating the
effect of NMN on CD4+ T cells.

FindingsWe found that NMN increased the intracellular NAD amount, resulting in suppressed HIV-1 p24 production
and proliferation in infected CD4+ T cells, especially in activated CD25+CD4+ T cells. NMN also inhibited CD25
expression on reactivated resting CD4+ T cells derived from cART-treated people living with HIV-1 (PLWH). In
HIV-1-infected humanized mice, the frequency of CD4+ T cells was reconstituted significantly by combined cART
and NMN treatment as compared with cART or NMN alone, which correlated with suppressed hyperactivation of
CD4+ T cells.

Interpretation Our results highlight the suppressive role of NMN in CD4+ T cell activation during HIV-1 infection. It
warrants future clinical investigation of NMN as a potential treatment in combination with cART in PLWH.
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Research in context

Evidence before this study
NAD is an essential co-enzyme for both energy metabolism
and cellular function in host cells, which may affect various
physiological behaviours and systems of the body. Previous
studies reported that HIV-1 infection decreased the
intracellular NAD level in peripheral blood cells and that
nicotinamide treatment might inhibit the infection in vitro by
maintaining the amount of intracellular NAD. We, therefore,
sought to determine the role of NAD precursors in regulating
host immune cells against HIV-1 infection. Notably, HIV-1-
induced immune activation associates not only with the
progression of AIDS but also with the failure of CD4+ T cell
recovery after cART treatment. It remains unclear if NAD
precursors would be useful for modulating immune
activation, assisting the recovery of CD4+ T cells in cART-
treated PLWH. To date, the impact of NMN, the direct
precursor of NAD, in modulating CD4+ T cell activation has
not been investigated.

Added value of this study
Using multiple infection models, we found that NMN
treatment suppressed viral production in HIV-1-infected ACH-
2 and primary CD4+ T cells at the post-transcription stage. On
the one hand, NMN treatment preferentially decreased the
intracellular HIV-1 p24 production in CD25+CD4+ T cells. On
the other hand, NMN inhibited the expression of late T cell
activation markers including CD25 and HLA-DR consistently
using in vitro, ex vivo, and in vivo models. Furthermore, NMN
improved the therapeutic efficacy of cART in HIV-1-infected
humanized mice by improving the CD4+ T cell reconstitution.

Implications of all the available evidence
Our findings suggest that NMN may be further tested as a
potential drug in combination with cART for PLWH to
improve CD4+ T cell recovery, especially for those cART-
treated PLWH with persistently low CD4+ T cell count.
Introduction
During human immunodeficiency virus type one (HIV-
1) infection, although the reduction of viremia and
mortality has been achieved by combination antiretro-
viral therapy (cART), up to 30% of individuals failed to
reconstitute CD4+ T cell count regardless of successfully
suppressed viral load.1–3 People living with HIV (PLWH)
with poor CD4+ T cell recovery are considered as
immunological non-responders (INRs) and may have
higher clinical risks of developing acquired immune
deficiency syndromes (AIDS) and other diseases.4 Some
researchers found that Vitamin D and Vitamin B3

(niacin, also known as a NAD booster5), rather than
Vitamin A, Vitamin B6 or Vitamin B12, could affect
immune activation and CD4+ T cell reconstitution in
INRs.6–8 Promoting CD4+ T cell recovery through sup-
pressing immune activation by Vitamin D, Vitamin B3

or any other useful nutrients becomes a potential
strategy to reduce clinical risks and disease progression
of HIV-INRs.

Nicotinamide adenine dinucleotide (NAD) is an
essential co-enzyme for energy metabolism and func-
tion in host cells.9 NAD depletion with ageing associates
with disease conditions in nerve, liver, kidney, intestine,
muscle, haematopoiesis and cardiovascular systems.9

Thus, boosting the NAD amount in patients using
NAD precursors or NAD-consuming enzyme inhibitors
is a promising therapeutic method for maintaining
NAD homeostasis and alleviating disorders related to
the NAD depletion.9,10 Majority of NAD boosters under
clinical trials are NAD precursors including nicotin-
amide ribose (NR), nicotinamide (NAM) and nicotin-
amide mononucleotide (NMN).10,11 Recently, besides
ageing-associated diseases, researchers have investi-
gated the role of NAD in modulating immune system
against infections or cancer through activating some
NAD-consuming factors such as sirtuins, poly(ADP-
ribose) polymerases (PARPs) and CD38.12,13 The anti-
inflammatory role of NAD has also been documented
during immune responses.14 Enhanced sirtuin 1 activity
through boosted NAD could deacetylate nuclear factor-
kappa B (NF-κB), downregulate NF-κB-regulated pro-
inflammatory cytokines, and modulate CD4+ T cell
differentiation.14 Exogenous NAD boosted by NMN
supplementation could restore LPS-induced PARP-acti-
vated inflammation.15 The NAD-consumer CD38 could
control intracellular NAD, modulating NAD-dependent
immunometabolic events, despite its controversial role
in pro-inflammatory cytokine release.16 Critical factors
modulated by NAD or NAD precursors remain to be
investigated in the context of host immunoregulation
against pathogens.

For NAD biosynthesis (Supplementary Figure S1),
NMN is the direct precursor of NAD in the salvage
pathway, whereas both NAM and NR are indirect pre-
cursors. The synthesis of NAD from NAM and NR
requires enzymes including nicotinamide phosphor-
ibosyltransferase (NAMPT) and nicotinamide
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mononucleotide adenylyltransferases (NMNATs).17

Niacin (Vitamin B3) can be catalysed by nicotinate
phosphoribosyltransferase (NAPRT) in the Preiss-
Handler pathway before entering the salvage
pathway.17 In terms of in vivo activities, undesirable
adverse effects have been documented with high-dose
niacin, NR, and NAM in preclinical and clinical
trials.18–20 Similar adverse effects have not been reported
with high-dose NMN. It is, therefore, conceivable that
NMN would be a better candidate for clinical use.
However, the impact of NMN on HIV/AIDS has not
been investigated. To test the hypothesis on whether
NMN may modulate immune activation, we sought to
determine the effects of NMN on human CD4+ T cells
upon in vitro and in vivo HIV-1 infection.
Methods
Cell isolation
Peripheral blood from HIV-1-uninfected donors (HUD)
and PLWH was used for isolating peripheral blood
mononuclear cells (PBMCs) by density gradient centri-
fugation with Lymphoprep™ (Axis-Shield). Fresh
PBMCs were used for purifying CD4+ T cells using
RosetteSep™ Human CD4+ T Cell Enrichment Cocktail
(Stemcell™ Technologies) by negative selection to avoid
unnecessary activation. Human CD4+ T cell Isolation kit
(Miltenyi Biotec) was used for purifying CD4+ T cells
from frozen PBMCs. Resting CD69−CD25−HLA-
DR-CD4+ T cells were purified using CD69 MicroBead
Kit II (human, Miltenyi Biotec), CD25 MicroBeads II
(human, Miltenyi Biotec) and Anti-HLA-DR MicroBeads
(human, Miltenyi Biotec) together with Human CD4+ T
cell Isolation kit by negative selection. Freshly isolated
PBMCs or purified primary CD4+ T cells were cultured
in R10 medium [RPMI 1640 medium (Gibco) supple-
mented with 10% fetal bovine serum (FBS; Gibco),
2 mM L-glutamine (Gibco) and 100 U/mL penicillin/
100 μg/mL streptomycin (Gibco)] with 5% CO2 at 37 ◦C.
HEPES (10 mM, Gibco) would be added in the cell
culture experiment involving NMN treatment. Freezing
medium was prepared using 90% FBS and 10% dime-
thylsulfoxide (DMSO; Sigma Aldrich) for cell storage
at −150 ◦C. Frozen cells were recovered in pre-warmed
R10 Medium with 5% CO2 at 37 ◦C overnight.

Virus preparation and viral infection
MOLT-4 CCR5+ cell line (obtained through the NIH
AIDS Reagent Program, Division of AIDS, NIAID, NIH:
MOLT-4 CCR5+ Cells, ARP-4984, contributed by Dr.
Masanori Baba, Dr. Hiroshi Miyake, and Dr. Yuji Iizaw)
was used for propagating the HIV-1JRFL virus (obtained
through the NIH AIDS Reagent Program, Division of
AIDS, NIAID, NIH: Human Immunodeficiency Virus-1
JR-FL, ARP-395, contributed by Dr. Irvin Chen) in the
presence of interleukin-2 (IL-2, 10 U/mL; R&D systems)
for 14 days as we previously described.21 HEK293T cell
www.thelancet.com Vol 98 December, 2023
line (ATCC, RRID:CVCL_0063) was used for packaging
the non-replicable HIVJRFL-nLuc pseudovirus by co-
transfection with a vector containing the envelope of
tier-2 JRFL and a pNL4-3. Luc.R-E- backbone vector
containing a defective Nef, Env, and Vpr as well as a
nanoluciferase reporter (obtained through the NIH
AIDS Reagent Program, Division of AIDS, NIAID, NIH:
Human Immunodeficiency Virus 1 (HIV-1) NL4-3 ΔEnv
Vpr Luciferase Reporter Vector (pNL4-3⋅Luc.R-E-), ARP-
3418, contributed by Dr. Nathaniel Landau).22,23 Around
4 ng p24 of HIV-1JRFL virus or 4000 TCID of HIVJRFL-
nLuc pseudotyped virus was inoculated into around 0.2
million purified primary CD4+ T cells or MOLT-4 CCR5+

cell line on 96-well V-bottom or U-bottom plates by spi-
noculation at 1200 g × 90 min without brake. After being
incubated for at least 2 h or overnight, cells were washed
with PBS (Gibco) for at least three times before being
cultured with R10 medium supplemented with cyto-
kines. For HIV-1JRFL virus infection, 10 U/mL of IL-2
was used as the supplementary cytokine; for HIVJRFL-
nLuc pseudotyped virus infection, 10 ng/mL IL-2 and
200 ng/mL IL-15 (Miltenyi Biotech) were used as sup-
plementary cytokines. An appropriate concentration of
NMN or 10 mM NMN was used as experimental drug
treatment. In some experiments, efavirenz (EFV, 10 nM)
was used for preventing secondary HIV infection. Mock
infection or pre-treatment of Maraviroc (MAR, 1 μM, for
at least 30 min; Sigma) before infection served as the
negative control.

Cell activation
For viral reactivation in the ex vivo primary cell model,
purified resting CD4+ T cells were treated with PMA
(50–500 ng/mL) plus Ionomycin (1 μg/mL) for 4 or 7
days. For viral reactivation in the ACH-2 cell line, cells
were treated with PMA (50 ng/mL) for 24 h.

Cell transfection
MOLT-4 CCR5+ cells were transiently transfected with
10 nM of siHCG27 (Thermo) or control siRNA
(Thermo) using the Lipofectamine™ RNAiMAX
Transfection Reagent (Thermo) in Opti-MEM (Gibco).
At 48 h after transfection, cells were treated without or
with 10 mM NMN for additional 24 h before RNA
extraction.

Cell lines
Cell lines used in this study, including HEK293T cell
line, MOLT-4 CCR5+ cell line and ACH-2 cell line, were
maintained in the appropriate medium according to the
manufacturers’ instructions. These three cell lines were
confirmed free of mycoplasma contamination by real-
time PCR.

Anti-p24 ELISA
Supernatant from cell culture was collected and lysed
for detecting supernatant p24 level by Human
3
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Immunodeficiency Virus type 1 (HIV-1) p24/Capsid
Protein p24 ELISA Pair Set (#SEK11695-15, Sino
Biological).

Luciferase assay
For the detection of intracellular NAD level, around 0.1
million CD4+ T cells were harvested and lysed for
measuring relative luciferase units (RLU) with NAD/
NADH-Glo™ Assay (Promega). For the detection of cell
viability, cell lysate was used for measuring relative
luciferase units (RLU) with CellTiter-Glo® Lumines-
cent Cell Viability Assay (Promega). For the detection of
supernatant luciferase responses from the HIVJRFL-
nLuc pseudotyped virus infected cell culture, 30 μL of
supernatant was used for measuring relative luciferase
units (RLU) using Nano-Glo® Luciferase Assay System
(Promega).

DNA extraction and RNA extraction
In some experiments, CD4+ T cells were harvested at
48 h after NMN treatment or 24 h after HIV-1 infection
for DNA and RNA extraction using AllPrep DNA/RNA
Mini Kit (Qiagen). In other experiments, total RNA was
extracted using Trizol reagent (Takara), while DNA was
harvested using QIAamp DNA Mini Kit (Qiagen). Viral
RNA was extracted from mouse plasma or cell super-
natant according to the manufacturer’s instruction of
QIAamp Viral RNA Mini Kit (Qiagen).

Real-time PCR
PrimeScript™ II 1st strand cDNA Synthesis Kit was
used for synthesizing cDNA from extracted RNA sam-
ples before performing quantitative real-time PCR assay
on ViiA 7 Real-Time PCR System. In Taqman-based
real-time PCR assay, HIV-1 primers and probe that
targets to LTR/gag region of HIV-1 [(5′→3′) forward:
TACTGACGCTCTCGCACC; reverse: TCTCGACG-
CAGGACTCG; probe: FAM-CTCTCTCCTTCTAGCC
TC-MGB] and/or CCR5 primers and probe [(5′→3′)
forward: ATGATTCCTGGGAGAGACGC; reverse:
AGCCAGGACGGTCACCTT; probe: VIC-AACACAG
CCACCACCCAAGTGATCA-MGB] were used with
TaqMan™ Universal PCR Master Mix (no AmpErase™
UNG; Applied Biosystems™), under the following PCR
conditions: 50 ◦C for 2 min, 95 ◦C for 2 min, 45 cycles
of 95 ◦C for 15 s and 60 ◦C for 1 min.24 CCR5 copies
were used for calculated cell numbers with a CCR5-
encoding plasmid standard.25 In SYBR green-based
real-time PCR assay, TB Green® Premix Ex Taq™ II
(Tli RNase H Plus, Takara) was applied under the
following PCR conditions: 95 ◦C for 2 min; 45 cycles of
95 ◦C for 10 s and 55 ◦C for 30 s; 95 ◦C for 15 s, 60 ◦C
for 1 min, 95 ◦C for 15 s. Primers used in the SYBR
green-based real-time PCR assay were listed in
Supplemental Table S1.
Flow cytometry
For cell surface staining, cells were stained with anti-
bodies (seen in Supplemental Table S2) at 1:50 dilution
in staining buffer (2% FBS in PBS) at 4 ◦C for 30 min.
Alternatively, Annexin V PE/Cy7 (Biolegend) was
stained using Annexin V binding buffer (Biolegend)
according to the manufacturer’s instruction. If not
proceeding with intracellular staining in the next step,
cells were fixed with 2% paraformaldehyde before FACS
analysis. If proceeding with intracellular staining in the
next step, cells were fixed and permeabilized using
Fixation/Permeabilization Solution (BD Biosciences) at
4 ◦C for 20 min, followed by washing with Perm/
Wash™ buffer (BD Biosciences), and stained with an-
tibodies at 1:50 dilution in Perm/Wash™ buffer at 4 ◦C
overnight. Cells were washed twice before FACS anal-
ysis. Propidium Iodide (Sigma) or Zombie Aqua™ Kit
(BioLegend) was used for distinguishing live or dead
cells. Data were analysed using FlowJo v10.0.7.

Humanized mice experiments
NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice were
bred at a density of 4–6 mice per cage under an AAA-
LAC International accredited program at the Centre for
Comparative Medicine Research, HKU under Specific
Pathogen Free (SPF) conditions. Human peripheral
blood leukocyte (huPBL) isolated from buffy coat blood
from Red Cross was intraperitoneally (i.p.) injected into
six-to-eight weeks old female NSG mice (1 × 107 huPBL
per mouse), in order to generate humanized NSG-
huPBL mouse model compatible for in vivo HIV
challenge experiment, as we previously described.26,27

Female mice were used because they exhibited lower
basal NAD level than male ones28 and they were re-
ported as preferred recipients for human cells.29–31

Around three weeks after PBL injection, the frequency
of human CD45+CD3+ cells was measured using pe-
ripheral blood from mice, in order to confirm whether
huPBL mouse model was constructed successfully.
Those mice that did not acquire detectable human
CD45+CD3+ cells in peripheral blood would not be
proceeded to the further steps. Twenty-three success-
fully constructed huPBL mice in two batches (n > 4 per
group, sample size calculation based on α = 0.05 and
power = 80% (β = 0.2), single-blind) were then per-
formed HIV-1JRFL infection (10 ng p24 per mouse) via
i. p. route, as we previously described.26,27 The daily
cART treatment for mice contains 61.5 mg/kg lam-
ivudine (3TC), 10.25 mg/kg dolutegravir (DTG), and
61.5 mg/kg tenofovir disoproxil fumarates (TDF),
equivalent to the combination of 300 mg 3TC/50 mg
DTG/300 mg TDF for human.32–34 The dose of NMN
was 300 mg/kg/day for mice, which is equivalent to
25 mg/kg/day for human.34,35 HIV-infected huPBL mice
were used for negative control. Mice were monitored
daily after infection, and humane endpoint scoring
www.thelancet.com Vol 98 December, 2023
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would be recorded if mice showed signs of being un-
well, until the humane endpoint was reached (for
example, weight loss is ≥20%, inability to rise or
ambulate, and labored respiration) or the experimental
endpoint reached. Enrofloxacin (10 mg/kg) would be
orally administrated if mice suffering diarrhea due to
graft-versus-host disease. Plasma viral load and periph-
eral CD4/CD8 ratio, as well as the percentage of CD4+

T cells and CCR5+CD4+ T cells, were monitored weekly.
On Day 28 post-infection, mice were sacrificed and
spleen samples were collected for splenocyte isolation
and tissue section. The percentage of CD4+ T cells,
CCR5+ CD4+ T cells, p24+ CD4+ T cells, Annexin V+

CD4+ T cells, CD25+ CD4+ T cells, HLA-DR+CD38+

CD4+ T cells, and proliferating (ki67+) CD4+ T cells, as
well as CD4/CD8 ratio, in splenocytes was assessed by
flow cytometry. Protein levels of CD25 and p24 in
spleen sections were assessed by IHC staining. Sple-
nocyte proviral DNA load was detected via real-time
PCR. Plasma NAD level on Day 28 post-infection was
detected by NAD/NADH-Glo™ Assay.

CyTOF
Purified total CD4+ T cells were treated without or with
10 mM NMN for 4 days before CyTOF analysis.
Maxpar® Cell Staining Buffer (Fluidigm) was used for
cell washing and antibody incubation. The antibodies
used for CyTOF analysis were purchased from Fluidigm
(seen in Supplemental Table S2). Cell-ID™ intercalator-Ir
(#201192A, Fluidigm) was diluted in Maxpar® Fix and
Perm Buffer (Fluidigm) and used for distinguishing
dead/live cells and singlets/doublets. EQ four-element
calibration beads (Fluidigm) in Maxpar® Cell Acquisi-
tion Solution (Fluidigm) were used for data calibration.
CyTOF data were acquired by Mass Cytometer (Helios)
and analysed using FlowJo v10.7.1. After gating
CD45+CD3+CD4+ singlets, the t-SNE plot was generated
using opt-SNE configuration using gradient algorithm
FFT-interpolation with the perplexity at 30,36,37 whereas the
FlowSOM algorithm v3.0.16 was used for cell clustering.38

IHC staining
Paraffin-embedded sectioning slides from spleen tis-
sues in mouse experiments were deparaffinized and
unmasked for IHC staining. After being incubated at
0.1% Sudan black b (Sigma) at room temperature for
20 min followed by being subsequently rinsed with PBS,
PBS-FSG-TritonX100 [0.5 mL Triton™ X-100
(Sigma) + 1 mL fish skin gelatin (FSG, Sigma) in
500 mL PBS] and PBS-FSG (1 mL FSG in 500 mL PBS).
Slides were then incubated with 10% goat serum (NGS,
Gibco) in PBS-FSG at room temperature for 1 h, and
later incubated with primary antibodies [anti-p24 (Santa
Cruz, #sc-65918, 1:50, mIgG2a), anti-CD25 (R&D sys-
tems, #MAB623, 1:50, mIgG 1), and anti-CD4 (Bio-
legend, #396202, 1:50, mIgG2b) in PBS-FSG] at room
temperature for 1 h. Next, slides were rinsed with
www.thelancet.com Vol 98 December, 2023
PBS-FSG-TritonX100 and PBS-FSG and incubated with
secondary antibodies (goat anti-mouse IgG1 AF568, goat
anti-mouse IgG2b AF488, goat anti-mouse IgG2a
AF647; 1:1000) in PBS-FSG at room temperature for
1 h. Hoechst 33342 buffer (1:1000 in PBS, #62249,
Thermo) was used for staining the nucleus. After being
mounted with Fluorescence Mounting Medium
(S302380), slides were scanned using PerkinElmer
Vectra Polaris™ Automated Quantitative Pathology
Imaging System and analysed using Inform Software
(v2.4 and v2.6).

RNA-seq
Primary CD4+ T cells (n = 4) were treated with or
without NMN (10 mM) for 24 h, followed by 24-h HIV-1
infection in the absence or presence of NMN (10 mM).
Cellular RNA was extracted using AllPrep DNA/RNA
Mini Kit (Qiagen) and tested by Bioanalyzer. One sam-
ple from the NMN treatment group failed QC with RIN
below eight and was excluded for further sequencing
and analysis. Sample QC, library preparation, and Illu-
mina sequencing (Pair-End sequencing of 151bp) were
done at Centre for PanorOmic Sciences (CPOS), Ge-
nomics Core, LKS Faculty of Medicine, The University
of Hong Kong. Quality control of raw fastq data was
carried out by FastQC v0.11.7 (http://www.
bioinformatics.babraham.ac.uk/projects/fastqc/) and
fastp.39 Then clean reads were aligned to the UCSC
GRCh38 reference and the HIV-1 genome (GenBank:
U63632.1) using Hisat2 v2.2.1.40 HTSeq v0.6.1 was used
to generate the raw read count for each gene.41 Differ-
ential expression analysis was performed using
DESeq2.42 Genes with |log2 fold change| >1 and
adjusted p value <0.05 (FDR) were considered signifi-
cantly different.42 The volcano plot was generated using
the EnhancedVolcano R package (https://github.com/
kevinblighe/EnhancedVolcano). Gene set enrichment
analysis (GSEA) was performed using fgsea R package
(https://github.com/ctlab/fgsea).

Statistics
All statistical analyses were performed using the
GraphPad Prism 7 software. Shapiro–Wilk normality
test was used for normality test before group compari-
son analysis, whereas D’Agostino & Pearson normality
test was used for normality test before correlation
analysis. For data passing normality test, comparison
tests were analysed using a One-way ANOVA test or a
Student’s t-test. For data not passing normality test,
comparison tests were analysed using a Mann–Whitney
test or a Friedman test; correlation analysis was based
on Spearman correlation method. For the one-way
ANOVA or Friedman test, a post-hoc test can be cor-
rected by Tukey’s test or two-stage linear step-up pro-
cedure of Benjamini, Krieger and Yekutieli, with
alpha = 0.05 used for multiple comparison analysis. A
multiple comparison post-hoc test was used when
5
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Fig. 1: Live HIV-1JRFL infection can be suppressed by NMN treatment in vitro. Primary CD4+ T cells were isolated from PBMCs and pre-treated
with 1 μM Maraviroc (MAR), different concentrations of NMN (with serial dilution starting from 10 mM at 1:2 ratio) or 10 mM of NMN for 24 h
before infection with HIV-1JRFL virus (2 ng p24 per 0.1 million cells). At 2 h post-infection, cells were washed and treated with or without NMN
in the presence of IL-2 (10 U/mL) for seven days. (a) The experimental flowchart was displayed. On Day 7 post-infection, (b) the intracellular
NAD level in CD4+ T cells (n = 8) was detected using NAD/NADH-Glo™ Assay. (c) Normalized supernatant p24 level (to infection control, n = 12)
was detected using anti-p24 ELISA assay. (d) The IC50 value was calculated using supernatant p24 level (n = 12). Cells were also harvested for
intracellular p24 staining and FACS analysis. (e) Representative plots of p24+ cells from CD4+ T cells were displayed. (f) The percentage of p24+

cells (n = 9) was analysed among groups. (g) Representative plots of CD4−/lowp24+ cells were displayed. (h) The percentage of CD4−/lowp24+ cells
(n = 9) was analysed among groups. To detect cell death after infection, cells with or without NMN treatment (10 mM) were harvested for FACS
analysis on dead cell analysis. (i) The percentage of dead (Zombie+) cells (n = 7) was analysed, along with representative plots showing the
gating strategy. (j) Primary CD4 T cells (n = 3) treated with different concentrations of NMN (with serial dilution starting from 10 mM at 1:2
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comparison among more than two groups was tested,
and multiple t-tests with no multiple comparison
correction were used when comparison between two
groups was tested. Data represent mean with 95% CIs
or mean with SDs of at least three independent experi-
ments unless indicated. Significant differences were
calculated with an appropriate α at 0.05 and power at
80%. p < 0.05 was considered statistically significant.
For RNA-Seq data, DESeq2 was used for data analysis;
the p values were calculated by the Wald test and cor-
rected for multiple comparison tests using the Benja-
mini and Hochberg method by default along with
defaulted statistical power, and adjusted p value <0.05
(FDR) were considered significantly different.

Ethics
The studies involving PLWH were approved by the
Ethics Review Committee of Shenzhen third People’s
Hospital (2018–080) and the Joint Chinese University of
Hong Kong-New Territories East Cluster Clinical
Research Ethics Committee (2018.445). Written
informed consent was received before participation. The
use of healthy human PBMCs was approved by the
Institutional Review Board of the University of Hong
Kong/Healthy Authority Hong Kong West Cluster
(UW19-482, UW18-286 and UW19-833). Research only
proceeded following review and approval from the HKU
Committee on the Use of Live Animals in Teaching and
Research (CULATR# 5340-20) and under licence from
the Hong Kong SAR Government’s Department of
Health, complying with ARRIVE guidelines (Animal
Research: Reporting of In Vivo Experiments, seen in
Supplementary Table S3).

Role of funders
Funders had no roles in the study design, data collec-
tion, data analyses, data interpretation, or writing of the
manuscript.
Results
NMN suppresses live HIV-1JRFL infection in primary
CD4+ T cells
Previous studies reported that HIV-1 infection
decreased the intracellular NAD level in peripheral
blood cells and that NAM could inhibit the infection
probably by maintaining the intracellular NAD.43,44

Considering that NMN is the direct NAD precursor,
we sought to investigate its impact on HIV-1 infection in
primary CD4+ T cells. First, we performed an in vitro live
HIV-1JRFL infection experiment on NMN-treated pri-
mary CD4+ T cells (Fig. 1a). We did not find a significant
ratio) for 1 day, 4 days and 7 days were assessed by CellTiter-Glo® Lumine
(i), data represent Mean ± 95% CI; for (d) and (j), data represent Mean ±
were calculated using Friedman test with post-hoc multiple comparison
calculated using a One-way ANOVA test with a post-hoc test corrected b
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decrease of intracellular NAD level in purified primary
CD4+ T cells after live HIV-1JRFL infection, but a higher
amount of intracellular NAD was detected in purified
CD4+ T cells during treatment with 10 mM NMN
(Fig. 1b). By detecting supernatant viral p24 protein
from primary CD4+ T cells after the HIV-1JRFL infection
for 7 days, we found that viral replication was sup-
pressed by NMN with an IC50 value of 5.936 mM
(Fig. 1c and d). Consistently, the intracellular p24 in
primary CD4+ T cells was also dramatically decreased by
NMN treatment on day 7 after the HIV-1JRFL infection
(Fig. 1e and f); whereas the percentage of productively
infected cells (typically as CD4−/lowp24+ cells) was also
decreased (Fig. 1g and h). Notably, NMN treatment did
not cause significant cell death during the experiments
(Fig. 1i), suggesting that the reduced p24 production
was not due to the cytotoxicity of NMN. Consistently, we
found that in vitro 1-day, 4-day or 7-day NMN treatment
did not show cytotoxicity to primary CD4+ T cells by
assessing ATP-dependent cell viability (Fig. 1j). In
addition, neither NMN treatment nor HIV-1JRFL infec-
tion altered the mRNA levels of NMN/NAD-related
metabolic enzymes such as NAPRT, NAMPT and
NMNATs (Supplementary Figure S2).

Next, we sought to determine how NMN affected
HIV-1 replication. First, we investigated whether NMN
treatment would alter the expression of HIV-1 receptor
CD4 and co-receptor CCR5. No significant changes were
found with MFI of CD4/CCR5 or with the frequency of
CCR5+ cells in the NMN treatment groups as compared
with the vehicle controls (Fig. 2a–d). In contrast, sig-
nificant increases of both frequency and MFI of CXCR4
were found in NMN-treated CD4+ T cells
(Supplementary Figure S3). Second, we measured the
amount of HIV-1 integrated DNA and transcribed
mRNA at 24 h post-infection (hpi) in infected primary
CD4+ T cells with and without NMN. No significant
differences were found between the NMN-treated cells
and untreated controls (Fig. 2e and f). Consistently,
NMN did not significantly decrease transcribed HIV-1
mRNA levels in infected MOLT-4 CCR5+ cell line or
primary CD4+ T cells at 24 hpi by quantitative real-time
PCR assay or RNA-seq analysis, respectively
(Supplementary Figure S2a and S4). Based on the HIV-1
life cycle in infected T cells, the complete process of viral
entry, reverse transcription, integration and transcrip-
tion took place within 24 h after infection.45 Our results,
therefore, indicated that NMN treatment might not
affect the process of viral entry, reverse transcription,
integration and transcription after the HIV-1JRFL infec-
tion. Next, we measured the effect of NMN treatment on
post-transcription stages. We used the single-cycle
scent Cell Viability Assay in one experiment. For (b), (c), (f), (h) and
SD. For (b) and (h), data did not pass normality test, and statistics

tests; for (c) and (f), data passed normality test, and statistics were
y Tukey’s test.
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Fig. 2: In vitro NMN treatment suppresses HIV infection at the post-transcriptional stage. Purified human CD4+ T Cells were treated with
indicated compounds [NMN (0.1, 1, 10 mM) or PBS control] for five days and harvested for FACS analysis. (a) Representative histogram plots
were displayed. The MFI of CD4 (b) and CCR5 (c), as well as the percentage of CCR5+ cells (d), on CD4+ T cells were compared among groups
(n = 5). Purified human CD4+ T cells were pre-treated with 10 mM of NMN for 24 h before infection with live HIV-1JRFL virus (2 ng p24 per 0.1
million cells). At 3 h post-infection, cells were washed and treated with or without NMN in the presence of IL-2 (10 U/mL) for 24 h. At 24 hpi,
cellular DNA and mRNA were extracted for HIV-1 real-time PCR assay. Normalized HIV-1 DNA level (e) and HIV-1 mRNA level (f) to infection
control were compared (n = 6). Purified human CD4+ T Cells were pre-treated without or with 1 μM Maraviroc (MAR) for 30 min or 0.1, 1,
10 mM of NMN for 24 h. Cells were mocked infected or infected with HIVJRFL-nLuc. At 24 h post-infection, cells were washed and treated
without or with 0.1, 1, 10 mM of NMN in the presence of IL-2 (10 ng/mL)/IL-15 (200 ng/mL) for 7 days. Vehicle-treated infected cells served as
control (Ctrl), whereas mock cells serve as mock control. (g) The experimental flowchart was displayed. The normalized supernatant luciferase
responses to infection control (n = 4) were compared for treatment during the period of pre-infection and post-infection (h) and treatment
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HIVJRFL-nLuc pseudovirus to infect purified primary
CD4+ T cells with or without NMN treatment before
and/or after spinoculation (Fig. 2g). Interestingly, NMN
treatment after the HIVJRFL-nLuc infection, rather than
before infection, significantly reduced luciferase re-
sponses (Fig. 2h–j). Meantime, comparable frequencies
and MFIs of CD69, CD25 or HLA-DR on T cells of 3
independent donors were detected in the NMN-treated
groups as compared with the controls (Fig. 2k and l
and Supplementary Figure S5). In addition, we found
that NMN treatment could reduce p24 production but
not HIV-1 RNA/DNA ratio dose-dependently in ACH-
2 cell line (Fig. 2m–p), a T cell line that constitutively
produces a low amount of HIV-1 p24 protein.46,47 NMN
treatment, however, could not alleviate HIV-1 reac-
tivation in ACH-2 cells treated with the phorbol 12-
myristate 13-acetate (PMA) (Fig. 2m–p). These results
demonstrated that NMN probably suppressed HIV-1
replication at a post-transcriptional stage during both
live and pseudotyped viral infections.

NMN reduces CD25+CD4+ T cells and suppresses
HIV-1 by modulating the proliferation of infected
CD25+HLA-DR+CD4+ T cell subsets
We then sought to investigate the ex vivo effect of NMN
treatment on the reactivation of CD4+ T cells derived
from cART-treated PLWH with undetectable viral load
(clinical information seen in Supplementary Table S4).
First, we measured the amount of intracellular NAD in
PBMCs of cART-treated PLWH and HIV-1-uninfected
donors (HUDs). We found comparable intracellular
NAD amounts between PLWH and HUDs (Fig. 3a). The
normalized NAD amount to cell titer in HUD was
2.536 ± 0.9264, while that in PLWH was 2.526 ± 0.8428.
Second, we used PMA/Ionomycin to reactivate resting
CD4+ T cells of cART-treated PLWH (Fig. 3b). Lower
viral reactivation by NMN treatment was found on day 4,
although not on day 7, after reactivation (Fig. 3c and d).
We measured T cell early activation marker CD69 as
well as T cell late activation markers CD25 and HLA-
DR.48 We found that NMN treatment resulted in around
9-fold decreased frequencies of CD25+ and around 1.5-
fold decreased frequencies of HLA-DR+ cells in spite
of the lack of statistical difference, as well as signifi-
cantly decreased CD25 MFI (Fig. 3e–h). In contrast,
neither the frequency of CD69+ T cells nor CD69 MFI
were affected. Similarly, NMN treatment reduced
CD25+ and HLA-DR+ but not CD69+ on CD4+ T cells
during the period of pre-infection (i). The normalized supernatant luciferas
during the period of post-infection (j), with monitoring the frequencie
cytometry. ACH-2 cell line was reactivated by PMA (50 ng/mL) in the p
experimental flowchart was displayed. (n) The normalized HIV-RNA/HIV-
were compared among groups. For intracellular p24 expression at 24 h af
Normalized intracellular p24 expression levels were compared among gro
(k–l), data represent Mean ± SD. For (b–f) and (h–j), data passed normality
an appropriate post-hoc test; for (n) and (p), data did not pass normalit
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derived from HUDs under the same experimental
condition (Supplementary Figure S6). Third, we inves-
tigated the effect of NMN treatment on HIV-1 expres-
sion in CD25+ or HLA-DR+ CD4+ T cells by measuring
intracellular p24 on day 7 after viral infection (Fig. 4a).
We found that NMN treatment suppressed intracellular
p24 significantly in CD25+ CD4+ T cells, but neither in
CD25− nor in HLA-DR+/− T cell subsets (Fig. 4b–c and
Supplementary Figure S7). The frequency of ki67+p24+

CD4+ T cells was positively correlated with those of
CD25+p24+ and HLA-DR+p24+ CD4+ T cells, suggesting
that NMN might affect the proliferation of infected cells
(Fig. 4d–f). We then measured the p24+ cell frequency
among T cells co-expressing CD25 and HLA-DR. We
found that NMN reduced the frequency of p24+ cells in
CD25+HLA-DR+ but not in CD25+HLA-DR- CD4+ T
cells (Fig. 4g–h).

CD25 is also known as IL-2 receptor.49 To further
investigate if NMN could impact IL-2-induced T cell
proliferation and HIV-1 replication, we measured
CD25+ and ki67+ cell frequencies among NMN-treated
HIV-1-infected CD4+ T cells in the presence of dose-
escalating IL-2 on day 4 and day 7 after infection
(Supplementary Figure S8a). We found that the fre-
quencies of CD25+ and Ki67+ CD4 T cells did not
change significantly by IL-2, but that decreased CD25
MFI and increased ki67 MFI were found on day 7 when
compared to day 4 (Supplementary Figure S8b). To
determine the impact of NMN, we found that NMN
reduced the frequency of CD25+ki67+ CD4+ T cells on
both day 4 and 7 (Supplementary Figure S8c–e). By
measuring the percentage of p24+ cells, NMN signifi-
cantly reduced p24+ cells in CD25+ki67+ CD4+ T cells on
day 7 rather than day 4 after infection (Supplementary
Figure S8f and g). Besides, NMN significantly reduced
the IL2-dose-dependently induced supernatant p24
amount on day 7 (Supplementary Figure S8h and i).
These results demonstrated that NMN suppressed HIV-
1 production likely by modulating the proliferation of
infected CD25+ki67+ CD4+ T cells.

To determine the effect of NMN on primary CD4+ T
cell subsets, we subsequently performed the CyTOF
analysis. We treated primary CD4+ T cells consistently
with 10 mM NMN for 4 days before the CyTOF analysis
(Fig. 4i). We found 10 CD4+ T cell populations using the
FlowSOM plot38 (Fig. 4j and Supplementary Figure S9a).
Populations 6, 7 and 8 showed relatively higher fre-
quencies of CD25; however, significantly reduced
e responses to infection control (n = 7) were compared for treatment
s (k) and expression (MFI, l) of CD69, CD25, and HLA-DR by flow
resence or absence of NMN treatment (0.1, 1 or 10 mM). (m) The
DNA ratios to the unactivated control group at 6 h after treatment
ter treatment, (o) representative histogram plots were displayed. (p)
ups. For (b–f), (h–j), (n) and (p), data represent Mean ± 95% CI; for
test, and statistics were calculated using a One-way ANOVA test with
y test, and statistics were calculated using a Mann–Whitney test.
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Fig. 3: Ex vivo NMN treatment suppresses resting CD4+ T cell reactivation in cART-treated people living with HIV by reducing CD25+ cells.
Frozen PBMCs from four independent cART-treated people living with HIV (PLWH) and four independent HIV-uninfected donors (HUD) were
used for NAD level detection via NAD/NADH-Glo™ Assay. (a) The intracellular NAD level in PBMCs between PLWH and HUDs was displayed.
Data represent Mean with Mix to Max in floating bars. Fresh or frozen PBMCs from six independent cART-treated PLWH were used for resting
CD4+ T cell isolation. Purified resting CD4+ T cells were treated with PMA (50–500 ng/mL) plus Ionomycin (1 μg/mL) (in short as PMA/Iono),
PMA/Iono plus 10 mM NMN or mock, under treatment of 10 nM EFV and 10 U/ml IL-2. On day 4 or 7 after treatment, cells were collected for
FACS analysis, whereas viral RNA in the supernatant was extracted for HIV-1 real-time PCR assay. (b) The experimental flowchart was displayed.
Normalized HIV-1 mRNA levels to PMA/Iono activation control were compared on day 4 (c; n = 4, frozen PBMCs) and day 7 (d; n = 3, frozen
PBMCs) after reactivation. For FACS analysis on activation markers, representative FACS plots (e) and histogram plots (g) were displayed. The
percentage (f) and MFI (h) of CD69+, CD25+, and HLA-DR+ cells on CD4+ T cells was compared (n = 6). For (c and d), (f) and (h), data represent
Mean ± 95% CI. For (c–d), data passed normality test, and statistics were calculated using a paired Student’s t-test; for (f) and (h), data did not
pass normality test, and statistics were calculated using a Friedman test with post-hoc multiple comparison tests.
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frequencies of CD25 were found primarily in pop-
ulations 6 and 8 but not 7 after the NMN treatment
(Fig. 4j and k and Supplementary Figure S9b–d). Pop-
ulation 6 displayed the phenotype of
CD45RO+CCR7+PD-1+CD127+CCR4+, representing
PD-1+CD127+ Th2-cell like central memory CD4+ T
cells50 (Fig. 4j and Supplementary Figure S9a). Popula-
tion 8 displayed the phenotype of
CD127−CD45RA+CCR7+CXCR3+, representing
CXCR3+ effector CD4+ T cells51 (Fig. 4j and
www.thelancet.com Vol 98 December, 2023
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Fig. 4: NMN treatment predominantly reduces intracellular p24 level in CD25+CD4+ T cells, correlating to proliferating p24-expressing
CD4+ T cells. Primary CD4+ T cells were isolated from PBMCs (n = 7) and pre-treated with 10 mM of NMN for 24 h before infection with live
HIV-1JRFL virus (2 ng p24 per 0.1 million cells) or mock. After infection, cells were treated with 10 mM NMN for seven days. On Day 7 post-
infection, cells were harvested for intracellular p24 staining and FACS analysis on CD25, HLA-DR, and ki67 expression. (a) The experimental
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Supplementary Figure S9a). These results demonstrated
that NMN could modulate CD25 expression in certain
CD25+CD4+ T cell subsets.

NMN reduces the proliferation of primary
p24+CD4+ T cells significantly via CD25
downregulation
To further determine the role of NMN in modulating
CD4+ T cell activation and HIV-1 suppression, we
investigated whether NMN treatment would regulate
CD25 (gene name: IL2RA) related gene expression
in vitro. Using the Foxp3 inducer AS2863619 (shortly as
AS) on MOLT-4 CCR5+ cell line to upregulate CD25
expression,52 AS could upregulate both mRNA and
protein amounts of CD25. The induction of CD25 by
AS, however, was reduced by 10 mM NMN (Fig. 5a and
b). This result supported our aforementioned findings
on NMN-suppressed CD25 expression on primary CD4+

T cells (Fig. 3e–h and Supplementary Figure S6b). To
understand the effect of NMN treatment on tran-
scriptomics in CD4+ T cells, we performed RNA-seq
analysis using primary CD4+ T cells with or without
10 mM NMN treatment for 2 days. At the tran-
scriptomic level, only a few genes including FOSL2,
BTBD11, NR4A2, IGSF9B, HCG27 and HMOX1 were
found being altered by the NMN treatment (Fig. 5c).
After we validated these genes in MOLT-4 CCR5+ cells,
only HCG27 was found to be upregulated significantly
after the NMN treatment (Supplementary Figure S10a).
However, long non-coding RNAHCG27 did not directly
regulate CD25 (IL2RA) expression (Supplementary
Figure S10b and c). By Gene Set Enrichment Analysis
(GSEA) on gene ontology (GO), several GO pathways
related to CD25 gene were found to be downregulated
by the NMN treatment. These downregulated pathways
include responses to virus, cell activation, cell prolifer-
ation, and cell apoptosis (Fig. 5d and Supplementary
Figure S11). Foxp3 gene was particularly noted in
some of the aforementioned CD25-related GO pathways
for cell activation and proliferation (Supplemental File).
Most genes in these pathways, however, were not found
to be significantly changed by NMN, except for the
flowchart was displayed. The gating strategies on p24+ cells in CD25+/−CD4
groups were displayed with representative plots. The percentage of p24+

was compared. (d) The gating strategy on ki67+, CD25+ or HLA-DR+ cel
representative plots. Correlation between the percentage of CD25+p24+CD
ki67+p24+CD4+ T cells was calculated based on Spearman correlation. Puri
healthy donors. Cells were treated with 10 mM NMN or vehicle for 4 d
various CD4+ T cell subsets in one experiment. (i) The experimental flow
opt-SNE using the KNN algorithm and the Fit-SNE gradient algorithm.
obtain 10 populations (meta clusters). (j) The combined CyTOF data (2 g
populations (meta clusters) in a two-dimensional grid. (k) The percentage
between the NMN group and the control group. For (c) and (h), data rep
(h), data did not pass normality test, and statistics were calculated using a
were calculated using a paired Student’s t-test. Each dot represents one
downregulated HMOX1 gene, which is partially
involved in cell activation, cell proliferation, and
apoptotic process (Fig. 5c–d and Supplemental File). To
understand whether NMN would decrease the prolifer-
ation of HIV-expressing cells, we detected the MFI
values of CD25, HLA-DR, and ki67 in p24+CD4+ T cells
in the presence of 10 nM efavirenz (EFV, for preventing
secondary infection, similar to Fig. 3b) on day 7 after
HIV-1 infection (Fig. 5e). Consistently, NMN treatment
decreased the MFI and frequency of ki67 in p24+ CD4+

T cells, and moderately decreased the MFI and fre-
quencies of CD25 and HLA-DR in p24+ CD4+ T cells
(Fig. 5f and Supplementary Figure S12), suggesting
reduced proliferation of p24+CD4+ T cells.

Combined NMN and cART treatment reconstitutes
CD4+ T cells in HIV-1-infected humanized mice
To determine the effect of NMN in vivo, we sought to
investigate whether NMN treatment with or without
cART would show any difference in the HIV-1-infected
humanized mouse model. NSG-huPBL mice challenged
with HIV-1JRFL live virus were orally administrated with
NMN and/or cART daily starting from day 4 post-
infection (Fig. 6a). The dose of NMN was 300 mg/kg
per mouse as previously described by others.35 We
measured the amount of plasma NAD on day 24 after
NMN treatment. No significant increase in plasma NAD
was found in the NMN treatment group as compared to
the PBS control group (Fig. 6b). Similar plasma NAD
amount was found in the cART-plus-NMN treatment
group as compared with other groups due to lack of
statistical significance (Fig. 6b). By monitoring plasma
viral loads weekly, NMN alone was not able to suppress
viral replication significantly as compared with the PBS
control group likely due to insufficient concentration
(<10 mM) (Fig. 6c). As expected, plasma viral loads were
significantly suppressed in both cART-plus-NMN and
cART treatment groups (Fig. 6c). Importantly, cART-
plus-NMN treatment post-infection resulted in
better CD4+ T cell reconstitution with significantly
higher CD4/CD8 ratio and frequency of CD4+ T cells
than the cART group over time (Fig. 6d and e and
+ T cells (b) and p24+ cells in CD25+HLA-DR+/−CD4+ T cells (g) among
cells in CD25+/−CD4+ T cells (c) and CD25+HLA-DR+/−CD4+ T cells (h)
ls in p24+CD4+ T cells from HIV-infected groups was displayed with
4+ T cells (e) or of HLA-DR+p24+CD4+ T cells (f) and the percentage of
fied CD4+ T cells were isolated from fresh PBMCs from 3 independent
ays before being collected for CyTOF analysis on CD25+ cells among
chart was displayed. The t-SNE plot of CyTOF data was generated by
Clustering was processed using the FlowSOM algorithm in order to
roups, 3 donors) were analysed by FlowSOM and visualized with 10
of CD25+ cells in Populations 6 and 8 of CD4+ T cells were compared
resent Mean ± SD. For (k), data represent Mean ± 95% CI. For (c) and
Mann–Whitney test; for (k), data passed normality test, and statistics
independent individual.
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Fig. 5: CD25(IL2RA) level associates with proliferating p24-expressing cells. MOLT-4 CCR5+ cells were treated with AS2863619 (shortly as
AS; 10 nM or 100 nM) and/or 10 mM NMN for 24 h, followed by RNA extraction for real-time PCR assay and cell staining for flow cytometry
assay. (a) Normalized mRNA level of CD25 to control group (ctrl) and (b) the MFI of CD25 from four replicates was compared among groups,
along with the representative flow cytometry plot. Purified primary CD4+ T cells were treated with (n = 3) or without (n = 4) 10 mM of NMN for
48 h before harvesting for bulk RNA-seq analysis. (c) Volcano plot displays the Log2 FC and –Log10 (adj-P) of each gene comparing the untreated
group and the NMN-treated group. Log2 FC of the control group to the NMN-treated group was calculated (Log2 FC > 0 represents gene
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Supplementary Figure S13). However, the frequencies
of CCR5+CD4+ T cells were restored similarly in both
cART-plus-NMN and cART treatment groups (Fig. 6f
and Supplementary Figure S13).

On day 28 post-infection, mice were sacrificed, and
their splenocytes were isolated for further analysis.
Consistently, the most effective splenic CD4+ T cell
reconstitution occurred in the cART-plus-NMN treat-
ment group as compared to the PBS control group but
not to the cART alone group (Fig. 6g and Supplementary
Figure S14). Splenic CD4+ T cells in the cART-plus-
NMN treatment group also displayed significantly
lower frequencies of apoptotic (Annexin V+), hyper-
activated (HLA-DR+CD38+) and CD25+ activated CD4+ T
cells, as compared to the PBS control group but not to
the cART alone group (Fig. 6h–j and Supplementary
Figure S14). These findings, however, were not shown
in the cART alone group when compared to the PBS
control group (Fig. 6h–j and Supplementary
Figure S14). Moreover, both CD25+ and CD25− CD4+

T cells from the cART-plus-NMN treatment group
showed a dramatically decreased proportion of apoptotic
cells, when compared to the PBS control but not to the
cART alone group (Supplementary Figure S15).
Regarding the proviral load in splenocytes, both the
cART and cART-plus-NMN treatment groups exhibited
similarly lower proviral loads as compared to the PBS
control group (Fig. 6k). Importantly, the cART-plus-
NMN treatment group showed significantly lower fre-
quencies of both p24+CD4+ T cells and proliferating
ki67+CD4+ T cells when compared with both the PBS
control and the cART alone groups (Fig. 6l and
Supplementary Figure S16a). Significantly decreased
MFI values of both CD25 and HLA-DR in p24+CD4+ T
cells were found in the cART-plus-NMN treatment
group as compared to the PBS control group but not to
the cART alone group (Fig. 6m and n). Comparable
amounts of p24 MFI and ki67 MFI were noted in
ki67+CD4+ and p24+CD4+ T cells, respectively, when
compared the cART-plus-NMN with the cART alone
(Supplementary Figure S16b and c). The immunohis-
tochemistry (IHC) analysis of spleen tissues revealed
decreased cytoplasm amounts of p24 in CD25+CD4+

cells in the cART-plus-NMN treatment group when
upregulation in the control group as compared to the NMN-treated gro
Analysis (GSEA) was displayed in a bubble chart. The normalized enrichm
calculated (NES >0 represents gene upregulation in the control group
represents the number of genes involved in the corresponding pathway
healthy donors and infected with live HIV-1JRFL virus (2 ng p24 per 0.1 m
were treated without or with 10 mM NMN in the presence of 10 nM EFV
intracellular p24 staining and FACS analysis on CD25, HLA-DR, and ki67
expression level of CD25, HLA-DR, and ki67 in p24+ cells were displayed
CD25, HLA-DR, and ki67 to infected control were compared. For (a–b), dat
calculated using a One-way ANOVA test with a post-hoc test corrected by
Mean within line chart; data passed normality test, and statistics were
independent individual.
compared to the PBS control but not to the cART
alone group (Fig. 6o and Supplementary Figure S17).
Therefore, the cART-plus-NMN but not cART alone
showed a significant in vivo suppressive effect on T cell
hyperactivation compared with the PBS control group,
reducing frequencies of both p24+CD4+ and ki67+CD4+

T cells. Moreover, there were significant statistical dif-
ferences between the ART alone and cART-plus-NMN
groups for the frequencies of p24+CD4+ cells and
proliferating ki67+CD4+ T cells. Notably, there were no
significant differences between the NMN alone and the
PBS control groups in the experiments, indicating the
need of cART for combined in vivo effects with NMN.
Results from the humanized mouse study demonstrated
that NMN treatment could improve the therapeutic ef-
fect of cART in vivo on reconstituting CD4+ T cells and
improving CD4/CD8 ratio significantly over time.
Discussion
In this study, we report that 10 mM NMN suppresses
HIV-1 production in infected primary CD4+ T cells at
the post translational level in vitro. The NMN-mediated
HIV-1 suppression was found primarily in
CD25+CD4+ T cells rather than in CD25−CD4+ T cells.
Critically, 10 mM NMN also suppresses HIV-1 reac-
tivation in primary CD4+ T cells derived from cART-
treated PLWH. CyTOF analysis revealed consistently
that the NMN treatment decreased the amounts of
CD25 on both CXCR3+ effector and CCR4+ central
memory CD4+ T cells. RNA-seq analysis then showed
some upregulated genes (e.g. NR4A2) and the down-
regulated CD25-related GO pathways for cell prolifera-
tion, activation and apoptosis. Importantly, NMN
improved the therapeutic effect of cART in HIV-1-
infected humanized mice by improving the CD4+ T
cell reconstitution, likely through reducing the fre-
quencies of p24+CD4+ and ki67+CD4+ T cells. Our
findings have implications to future investigation of
NMN as a supplemental treatment to cART for
improving CD4+ T cell reconstitution, especially for
PLWH with persistently low CD4+ T cell count.

NMN acts on primary CD4+ T cells during HIV-1
replication. NMN suppressed HIV-1 with an IC50
up). (d) CD25-related Gene Ontology (GO) of Gene Set Enrichment
ent score (NES) of the control group to the NMN-treated group was
as compared to the NMN-treated group). The size of each bubble
s. Primary CD4+ T cells were isolated from PBMCs of 3 independent
illion cells) or mock in one experiment. At 24 h post-infection, cells
and 10 U/mL IL-2. On Day 7 post-infection, cells were harvested for
expression. (e) The experimental flowchart was displayed. (f) The
in representative histogram plots, and the normalized MFI levels of
a represent Mean ± SD; data passed normality test, and statistics were
Tukey’s test. Each dot represents one replicate. For (f), data represent
calculated using a paired Student’s t-test. Each dot represents one
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Fig. 6: NMN treatment plus cART significantly increases CD4+ T cell percentage in HIV-infected huPBL mouse model in vivo. (a) Schematic
diagram of humanized mice experiment using human PBL reconstituted NSG mice (HuPBL). (b) Plasma NAD level was detected via luciferase
assay on Day 28 post-infection. Plasma viral load (c), CD4/CD8 ratio (d), the percentage of CD4+ T cells in CD3+ cells (e), and the percentage of
CCR5+ on CD4+ T cells (f), were monitored weekly before or post-infection. Among splenocytes collected on Day 28 post-infection, the
percentage of CD4+ T cells in CD3+ cells (g), the percentage of Annexin V+ cells in CD4+ T cells (h), the percentage of CD25+ cells in CD4+ T cells
(i), the percentage of HLA-DR+CD38+ cells in CD4+ T cells (j), and the percentage of p24+ cells in CD4+ T cells (l) from splenocytes were analysed
by flow cytometry. The MFI values of CD25 (m) and HLA-DR (n) in p24+CD4+ T cells were also analysed by flow cytometry. (k) Splenocyte p24
DNA level was detected via real-time PCR. By immunohistochemistry (IHC) analysis on spleen tissue sections, IHC slides were scanned via
PerkinElmer Vectra Polaris™ Automated Quantitative Pathology Imaging System and analysed by Inform Software. (o) The cytoplasm p24 max
intensity (normalized counts) in CD25+CD4+ cells was calculated using Inform Software and compared among groups. Data represent
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value of 5.936 mM, which is much higher than those of
existing anti-HIV drugs such as 3TC, DTG and TDF
(e.g. mostly below 50 nM).53–55 It is, therefore, not sur-
prising that NMN alone could not suppress plasma viral
load or splenic proviral load significantly in HIV-1-
infected humanized mice using the dose of 300 mg/
kg. In support of this notion, we did not detect any
significant increase of NAD in vivo at this dose. Never-
theless, a positive effect of NMN was observed when it
was combined with cART for treatment in HIV-1-
infected humanized mice. Such effect led to signifi-
cantly improved CD4+ T cell reconstitution by reducing
the frequencies of both p24+CD4+ and ki67+CD4+ T
cells significantly as compared with the cART alone.
Mechanistically, NMN displayed potent immunomodu-
lating activity on primary CD4+ T cells. We found that
10 mM NMN suppressed late activation (CD25 and
HLA-DR) instead of early activation (CD69) of patient-
derived CD4+ T cells.48 When comparing the intracel-
lular p24 amount in CD25+/− or HLA-DR+/− HIV-1-
infected CD4+ T cells, we found a significant p24
reduction in HIV-1-infected CD25+CD4+ T cells after
the NMN treatment. Our findings pointed to a selective
effect of NMN on CD25+CD4+ T cells.49 By CyTOF
analysis, CXCR3+ effector and CCR4+ central memory
CD4+ T cells were found to be two distinguishable
subsets affected by the NMN treatment in terms of the
CD25 expression. These CXCR3+ effector and CCR4+

central memory CD4+ T cell subsets were of low
expression of CCR6. A previous study indicated that
CXCR3+/CCR4+ but CCR6− CD4+ T cells were relatively
less permissive to R5-tropic HIV-1 infection than
CXCR3+/CCR4+ but CCR6+ ones.56 However, the role of
CD25 in modulating the permissive CCR5-tropic HIV-1
infection, as well as whether NMN-affected CD25+ cells
are regulatory T cells or cells highly expressing NMN
transporters, remains to be determined in future
studies. Furthermore, by RNA-Seq analysis, we showed
that the NMN treatment could downregulate several
CD25-related GO pathways including cell proliferation,
cell activation and cell apoptosis. Foxp3/CD25 was
addressed in the GO pathways associated with cell
activation and proliferation. Although Foxp3 is well
known as a phenotypic marker of regulatory T cells, it
may serve as a transient transcriptional regulator in
activated CD4+ T cells upon T cell receptor activation.57,58

CD25 but not CD69 downregulation by the NMN
treatment in CD4+ T cells of HUDs and PLWH in our
Mean ± SD. For (c-f), the area under curve (AUC) was calculated and used f
reported in black text are the AUC analysis comparing ART alone to AR
statistics were calculated using Mann–Whitney test; for (g–h) and (j–o), da
Student’s t-tests. # represents the significant difference between experime
reported in the corresponding group colour (cART group in red, while cAR
between cART group and cART-plus-NMN group, and the correspondin
conducted in this experiment. Each dot represents one individual mouse.
Batch 2.
study may explain why NMN suppressed late but not
early T cell activation. These transcriptomic results are
consistent with suppressed proliferating p24-expressing
T cells after the in vitro NMN treatment and suppressed
immune activation by the in vivo cART-plus-NMN
treatment. Therefore, NMN/NAD may modulate CD4+

T cell activation and proliferation during HIV-1
infection.

NMN exhibited in vitro inhibitory effects on HIV-1
replication at 10 mM consistently. From our experi-
mental finding, NMN may act both at the translation of
HIV-1 p24 and at the proliferation of primary CD4 T
cells. For action on the translation of HIV-1 p24, our
results suggested that NMN did not inhibit HIV-1
infection at entry, integration, and transcription stages
but at a post-transcription one. The single-cycle HIV-1
infection and the latent ACH-2 cell models were used to
validate this finding. Moreover, the anti-HIV-1 activity of
NMN was consistently obtained when PLWH-derived
and in vitro infected primary CD4+ T cells were tested.
For action on the proliferation of primary CD4 T cells,
NMN may reduce IL-2-induced frequency of p24-
expressing and proliferating CD4 T cells, due to the
downregulation of CD25 (IL-2 receptor). Mechanisti-
cally, our RNA-seq results indicated that the upregula-
tion of NR4A2 and the downregulation of CD25 by
NMN treatment were likely related the modulation of
transcriptional factor Foxp3. This finding was deter-
mined by using the inducer of Foxp3 namely
AS2863619. Since only a very small proportion of cells
might contain integrated HIV-1 in the PLWH-derived
ex vivo model,59 the inhibitory activity of NMN could
also be contributed by NMN-mediated suppression of T
cell activation and proliferation. Therefore, NMN may
suppress both cellular activation and viral reactivation in
the ex vivo model. For the potential of NMN in the
“block and lock” strategy, future studies are needed to
determine whether NMN would be useful as a latency-
locking agent60 and whether cellular NAD metabolism
would modulate HIV-1 expression by testing NAD-
consuming factors such as sirtuins, PARPs and
CD38.12,13

NMN is likely a useful suppressive agent against
immune hyperactivation in vivo. During HIV-1 chronic
infection, persistent immune activation may lead to
incomplete CD4+ T cell recovery despite cART in HIV-
INRs.4,61 Various factors may contribute to the persistent
immune activation in HIV-1 infection.62 These factors
or statistical analysis by an unpaired Student’s t-test, and the p values
T-plus-NMN; for (b) and (i), data did not pass normality test, and
ta passed normality test, and statistics were calculated using unpaired
ntal groups and the control group, and the corresponding p value was
T-plus-NMN group in purple); * represents the significant difference
g p value was reported in black colour. Two batches of mice were
Circles show mice from Batch 1, whereas rectangles show mice from
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may include toll-like receptor activation by HIV-1 ssRNA,
NF-κB activation triggered by viral protein, interferon-
mediated stimulation, and caspase-induced cell
apoptosis/pyroptosis and so on.62 To reduce the risk of
AIDS progression, an intervention of reducing persistent
immune activation in HIV-INRs is needed.4,61 Given the
promising in vitro results of NMN in modulating CD4+ T
cell activation in HIV-1 infection, we also investigated
the potential of NMN as an intervention against immune
activation in humanized mice. Interestingly, NMN alone
was insufficient in suppressing HIV-1 replication in vivo
at a dose of 300 mg/kg although this amount is much
higher than 150 mg daily use as a food supplement in
humans. HIV-infected huPBL mice treated with
cART-plus-NMN, however, demonstrated significantly
improved reconstitution of CD4+ T cells correlated with
moderately alleviated hyperactivation by measuring the
HLA-DR+CD38+ biomarkers and relatively decreased
apoptotic cells by measuring Annexin V+ biomarker. One
previous report provided in vitro evidence of 0.05–5 mM
nicotinamide treatment on reducing apoptotic cells
derived from PLWH, which supports our findings on
decreased apoptosis by in vivo cART-plus-NMN treat-
ment.63 Although cART-plus-NMN treatment showed an
in vivo suppressive effect on immune hyperactivation
compared to PBS control, it did not show statistical dif-
ference when compared to the cART treatment alone.
Importantly, however, the cART-plus-NMN treatment
resulted in better CD4+ T cell reconstitution with a
higher CD4/CD8 ratio and a significantly higher fre-
quency of CD4+ T cells than the cART group over time.
The cART-plus-NMN treatment led to reduced fre-
quencies of both p24+CD4+ and ki67+CD4+ T cells
significantly as compared with the cART alone. Our
findings, therefore, have implications to future clinical
testing of daily high dose of NMN treatment to improve
CD4+ T cell reconstitution in cART-treated PLWH,
especially in INRs with persistently low CD4 count, by
modulating immune activation.1,61
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