
Vol.:(0123456789)1 3

Medical Microbiology and Immunology (2019) 208:679–691 
https://doi.org/10.1007/s00430-018-0574-x

ORIGINAL INVESTIGATION

Increased SAMHD1 transcript expression correlates with interferon-
related genes in HIV-1-infected patients

Maura Statzu1 · Letizia Santinelli1 · Agnese Viscido1 · Claudia Pinacchio2 · Giancarlo Ceccarelli2 · Claudia Rotondo1 · 
Giuseppe Corano Scheri2 · Ivano Mezzaroma3 · Ombretta Turriziani1 · Guido Antonelli1 · Gabriella d’Ettorre2 · 
Carolina Scagnolari1

Received: 27 June 2018 / Accepted: 24 November 2018 / Published online: 18 December 2018 
© Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract
Purpose  To investigate the contribution of SAMHD1 to HIV-1 infection in vivo and its relationship with IFN response, the 
expression of SAMHD1 and IFN-related pathways was evaluated in HIV-1-infected patients.
Methods  Peripheral blood mononuclear cells (PBMC) from 388 HIV-1-infected patients, both therapy naïve (n = 92) and 
long-term HAART treated (n = 296), and from 100 gender and age-matched healthy individuals were examined. CD4+ T 
cells, CD14+ monocytes and gut biopsies were also analyzed in HIV-1-infected subjects on suppressive antiretroviral therapy. 
Gene expression levels of SAMDH1, ISGs (MxA, MxB, HERC5, IRF7) and IRF3 were evaluated by real-time RT-PCR 
assays.
Results  SAMHD1 levels in HIV-1-positive patients were significantly increased compared to those in healthy donors. 
SAMHD1 expression was enhanced in treated patients compared to naïve patients (p < 0.0001) and healthy donors 
(p = 0.0038). Virologically suppressed treated patients exhibited higher SAMHD1 levels than healthy donors (p = 0.0008), 
viraemic patients (p = 0.0001) and naïve patients (p < 0.0001). SAMHD1 levels were also increased in CD4+ T cells com-
pared to those in CD14+ monocytes and in PBMC compared to those of GALT. Moreover, SAMHD1 was expressed more 
strongly than ISGs in HIV-1-infected patients and positive correlations were found between SAMHD1, ISGs and IRF3 levels.
Conclusions  SAMHD1 is more strongly expressed than the classical IFN-related genes, increased during antiretroviral 
therapy and correlated with ISGs and IRF3 in HIV-1-infected patients.
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Introduction

Sterile alpha motif and HD-domain-containing protein 1 
(SAMHD1) is a human triphosphohydrolase able to act as 
an HIV-1 restriction factor in non-dividing myeloid cells 
and quiescent CD4+ T cells [1–7]. Its main activity consists 
in limiting the intracellular dNTP pool required for reverse 
transcription. Controversial results have been obtained on 
the ability of SAMHD1 to exhibit an RNAase activity for 
counteracting HIV-1 infection [8–10]. A significant number 
of in vitro studies suggest that SAMHD1 may constitute an 
important mechanism of cellular defence against HIV-1/2, 
and a broad range of viruses including murine leukemia 
virus (MLV), human T-cell leukemia virus type 1, vac-
cinia virus, herpes simplex virus 1 (HSV-1) and hepatitis 
B virus (HBV) [11–18]. However, few data have addressed 
the interplay between HIV-1 and SAMHD1 expression 
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in vivo and functional regulation of this retroviral restric-
tion factor [19–22]. Indeed, alongside its ability to control 
cellular dNTP homeostasis, SAMHD1 acts as a critical 
regulator in innate immune responses due to its association 
with autoimmune disease leading to aberrant activation of 
interferon (IFN) [23]. Although the underlying mechanism 
is still unclear, current knowledge suggests that SAMHD1 
is induced in vitro by IFNα/β stimulation in different cell 
lines such as primary monocytes, U87-MG, HEK293T 
and HeLa cells [23–25]. By contrast, type I IFNs did not 
induce SAMHD1 in THP-1, monocyte-derived macrophages 
(MDMs), primary CD4+ T lymphocytes, monocyte-derived 
dendritic cells (MDDC) or myeloid and plasmacytoid den-
dritic cells (DC) [6, 24–26], suggesting that the regulation of 
SAMHD1 synthesis during HIV-1 infection could vary con-
siderably according to the type of cell studied. Interestingly, 
IFN regulatory factor 3 (IRF3), a crucial transcription factor 
in the innate immune response against viral infection, has 
been proposed to induce direct upregulation of SAMHD1 
expression independently from the classical IFN-induced 
JAK–STAT pathway [27]. Moreover, SAMHD1 Thr592 
phosphorylation, which correlates with its loss of ability to 
restrict HIV-1 replication [28, 29], is reduced after type I 
IFN treatment, while its expression level remains insensi-
tive, uncovering a new IFN regulation mechanism of restric-
tion factors [29]. Nevertheless, several proinflammatory 
cytokines can modulate SAMHD1 expression levels or phos-
phorylation status at threonine 592 in primary lymphoid and 
myeloid HIV-1 target cells, but it remains unclear whether 
this translates into any change in the cells susceptibility to 
HIV-1 [6].

Since an inadequate regulation of type I IFN drives 
chronic immune activation in HIV-1 infection [30, 31], and 
considerable controversy exists over whether type I IFN 
can support SAMHD1 production [27], further research is 
needed to address possible associations between SAMHD1 
levels and those of IFN-related pathways in HIV-1 infection.

Therefore, the aim of this study was to gain new insights 
into the role played by SAMHD1 in regulating the natural 
course of HIV-1 infection, evaluating SAMHD1 expression 
and its relationship with the IFN response in vivo. In particu-
lar, we examined SAMHD1 expression in peripheral blood 
mononuclear cells (PBMC) of naïve HIV-1-infected patients, 
long-term antiretroviral-treated patients and healthy individ-
uals, and correlated the expression levels with CD4+ T cell 
counts and viral load. SAMHD1 levels were also analyzed 
in HIV-1 target cells (CD4+ T cells and CD14+ monocytes) 
and in the effector sites (lamina propria) of the gastrointes-
tinal tract within a subgroup of HIV-1-infected subjects on 
suppressive antiretroviral therapy.

Last, to address the in  vivo relationship between 
SAMHD1 and IFN-related pathways, SAMHD1 levels were 
compared and correlated with those of different IFN-related 

genes, such as well-established ISGs [myxovirus resistance 
A (MxA) and B (MxB), HECT and RLD domain-containing 
E3 ubiquitin protein ligase 5 (HERC5), and IRF7], and IRF3 
in HIV-1-positive patients.

Materials and methods

Study population

The blood samples used in this retrospective study derived 
from routine HIV-1 viraemia testing at Policlinico Umberto 
I “Sapienza” University Hospital in Rome, Italy. Peripheral 
blood samples obtained from 388 HIV-1-infected patients, 
both therapy naïve (n = 92) and long-term HAART treated 
(n = 296), and from 100 gender- and age-matched healthy 
individuals were examined. Treated HIV-1-positive patients 
were also divided into two groups based on achieving 
(n = 243) or not (n = 53) virological suppression (defined as 
persistent HIV-1 RNA levels below the lower limit of detec-
tion of the currently used assay, 37 copies/mL) in response 
to HAART. CD4+ T cells, CD14+ monocytes and gut biop-
sies obtained, respectively, from a subgroup of 27 and 7 of 
HIV-1-infected subjects on suppressive antiretroviral therapy 
were also analyzed. CD4+ T cells and CD14+ monocytes 
were also isolated from 22 gender- and age-matched healthy 
donors. Last, paired peripheral blood samples were also 
obtained during long-term antiretroviral therapy from seven 
HIV-1 infected patients whose blood samples had been col-
lected before starting antiretroviral therapy.

The study was approved by the ethics committee of the 
Policlinico Umberto I Hospital, “Sapienza” University of 
Rome (ethical approval code Rif#3184), and informed con-
sent was obtained from both HIV-1-positive patients and 
healthy individuals.

Specimen processing

PBMC were isolated from fresh blood collected from 
all HIV-1-infected patients and healthy individuals by 
Ficoll–Hypaque density gradient centrifugation (Sigma-
Aldrich; St. Louis, MO, USA) and dry pellets were stored 
at − 80 °C. CD14+ monocytes and CD4+ T cells were iso-
lated from PBMC collected from 27 long-term-treated HIV-
1-infected patients and from 22 healthy donors by positive 
selection using MACS® Technology (Miltenyi Biotec; Ber-
gisch Gladbach, Germany) according to the manufacturer’s 
protocol. Furthermore, within the group of HIV-1-infected 
patients on long-term suppressive antiretroviral therapy, 
seven underwent endoscopic procedures as previously 
described [32]. Gut biopsies from each intestine site (termi-
nal ileum, cecum, and ascending, transverse, and descending 
colon) were pooled, washed twice with EDTA wash media, 
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incubated in EDTA solution 5 mM and digested with 1 mg/
mL collagenase (Sigma-Aldrich; Milan, Italy) and 1.5 U 
DNAse I (Sigma-Aldrich; Milan, Italy), allowing the isola-
tion of lamina propria lymphocytes (LPLs) that were filtered 
through a 70-µm cell strainer as previously described [32]. 
One aliquot of LPLs was stored at − 80 °C as dried pellets 
for RNA extraction and gene expression analysis.

Flow cytometry assay

The distribution of cellular populations was evaluated by 
flow cytometry analysis on freshly isolated PBMC and 
LPL. Acquisitions were performed on Miltenyi Biotec flow 
cytometer-MACSQuant Analyzer (eight fluorescence chan-
nels, three lasers). Gating analysis and data were analyzed 
using MACSQuantify software 2.5 (Miltenyi Biotec). The 
MACSQuant is equipped with three lasers: a 405-nm solid-
state diode, a 488-nm solid state and a 633 nm. Cells were 
washed twice with phosphate buffered saline (PBS) and then 
resuspended in 250 µL of PBS. Each sample volume was run 
in flow cytometry using the same gating strategy. Results 
were obtained as a percentage values on the total cells.

Measurement of HIV‑1 RNA and CD4+ T‑lymphocyte 
count

HIV-1 viral load was determined by Versant HIV-1 RNA 
kPCR assay (Siemens Healthineers, Tarrytown NY, USA) 
which has a detection limit of 37 copies/mL. Absolute 
CD4+ T cell count was performed by FACScalibur flow 
cytometer (Becton Dickinson; San Jose, CA, USA).

Real‑time polymerase chain reaction assay

Quantitative RT/real-time PCR for SAMHD1, ISGs (MxA, 
MxB, HERC5, and IRF7), and IRF3 levels was carried out 
with the LightCycler480 instrument (Roche, Basel, Switzer-
land). Total RNA was extracted from PBMC collected from 
HIV-1-positive patients and healthy individuals using the 
RNeasy Plus Universal Kit (Qiagen; Hilden, Germany) and 
reverse transcribed using the High-Capacity cDNA Reverse 
Transcription Kit (Applied Biosystems; Foster City, CA, 
USA) according to the manufacturer’s protocols. Primers 
and probes for each gene were added to the Probes Mas-
ter Mix (Roche; Basel, Switzerland) at 500 and 250 nM, 
respectively, in a final volume of 20 µl. The housekeeping 
gene β-glucuronidase was used as an internal control. Gene 
expression values were calculated by the comparative Ct 
method. All the primers/probe sets were purchased from 
Applied Biosystems (Foster City, CA, USA). The prim-
ers and probe sequences used for each gene were the fol-
lowing: SAMHD1: Forward: 5′-TCT​CAC​ATG​TTT​GAT​
GGA​CGATT-3′; Reverse: 5′-CCT​TGT​TCA​TGC​GTC​CAT​

TTC-3′; Probe: 5′-[6FAM]ATT​CCA​CTT​GCT​CGC​CCG​
GAGG[TAM]-3′; MxA [33]: Forward: 5′-CTG​CCT​GGC​
AGA​AAA​CTT​ACC-3′; Reverse: 5′-CTC​TGT​TAT​TCT​
CTG​GTG​AGT​CTC​CTT-3′; Probe: 5′-[6FAM]CAT​CAC​
ACA​TAT​CTG​TAA​ATC​TCT​GCC​CCT​GTT​AGA​[TAM]-
3′; IRF3: Forward: 5′-AGC​AGA​GGA​CCG​GAG​CAA​-3′; 
Reverse: 5′-AGA​GGT​GTC​TGG​CTG​GGA​AA[TAM]-3′; 
Probe 5′-[6FAM]ACC​CTC​ACG​ACC​CAC​ATA​AAA​TCT​
ACG​AGT​TTG[TAM]-3′; IRF7: Forward: 5′-TGT​GCC​GAG​
TGC​ACC​TAG​AG-3′; Reverse: 5′-GAA​GCA​CTC​GAT​GTC​
GTC​ATA​GAG​-3′; Probe: 5′-[6FAM]CGC​AGC​GTG​AGG​
GTG​TGT​CTTCC[TAM]-3′; β-glucuronidase [34]: Forward 
5′-TCT​GTC​AAG​GGC​AGT​AAC​CTG-3′; Reverse: 5′-GCC​
CAC​GAC​TTT​GTT​TTC​TG-3′; Probe: 5′-[6FAM]TAT​GTC​
TTT​CGA​TAT​GCA​GCC​AAG​TTT​TAC​CG[TAM]-3′. Prim-
ers and probes for MxB and HERC5 were ordered as kits: 
MxB: assay on demand Hs01550814_m1, HERC5 assay on 
demand Hs00180943_m1 (Applied Biosystems; Foster City, 
CA, USA). Validation of amplification efficiency was made 
for every primer/probe set and was calculated according to 
the equation (E = 10 − 1/slope). The slope for each gene was 
about − 3.3, indicating approximately equal amplification 
efficiency for all target gene and endogenous control.

Statistical analysis

Statistical analyses were performed using Graphpad 
Prism 5, and data were presented as mean ± SD or median 
(IQR = interquartile range). The demographic and clinical 
characteristics of HIV-1-positive patients and healthy donors 
were compared using Student’s t and chi-squared tests. Gene 
expression differences between HIV-1-positive patients and 
healthy donors were analyzed using the Mann–Whitney U 
test. The Wilcoxon signed-rank test for paired samples was 
used to evaluate the gene expression differences between 
CD4+ T cells and CD14+ monocytes or GALT and PBMC, 
and the different frequencies of T cells in GALT and PBMC. 
The same test was used to assess the longitudinal changes 
of SAMHD1 in HIV-1-positive patients before and after 
antiretroviral treatment. Spearman’s rho coefficient was cal-
culated to assess the correlation between SAMHD1 levels 
and those of ISGs and IRF3. A p value less than 0.05 was 
considered statistically significant.

Results

Demographic and clinical characteristics 
of HIV‑1‑infected patients

The demographic and clinical characteristics of HIV-
1-infected patients are summarized in Table 1. Overall, 92 
naïve and 296 long-term antiretroviral therapy-experienced 



682	 Medical Microbiology and Immunology (2019) 208:679–691

1 3

HIV-1-positive patients were included in the study. 
Untreated HIV-1-positive patients comprised 71 men (77%) 
with a mean age of 38 years. Plasma viral load ranged 
from 143 to 1,405,000 copies/mL. Treated HIV-1-infected 
patients were divided into two groups based on achieving 
(n = 243) or not (n = 53) virological suppression in response 
to HAART. There were no significant differences between 
the two groups in age, gender or antiretroviral therapy dura-
tion. HIV-1-positive patients with a detectable viral load on 
HAART had a median HIV-1 RNA of 7862 copies/mL (IQR: 
3205–56,000). A control group of HIV-uninfected healthy 
subjects [mean age: 48 years; gender: 60 male (60%)] was 
also included (n = 100).

SAMHD1 mRNA expression in PBMC

We first measured SAMHD1 mRNA levels in PBMC col-
lected from HIV-1-infected patients and age-matched HIV-
seronegative healthy individuals (Fig. 1a). SAMHD1 levels 
were significantly increased in all HIV-1-positive patients 
compared to the healthy donors (p = 0.04). We then evalu-
ated SAMHD1 expression stratifying the HIV-1-positive 
patients into three different groups: naïve, HAART-experi-
enced patients with detectable viraemia and those with sup-
pressed viral load (< 37 HIV-1 RNA copies/mL). Treated 
patients showed an increased expression of SAMHD1 com-
pared to naïve patients (p < 0.0001) and to healthy donors 
(p = 0.0038). Among treated patients, the virologically 

suppressed group showed an increased expression of 
SAMHD1 compared to healthy donors (p = 0.0008), virae-
mic patients (p = 0.0001) and naïve patients (p < 0.0001). We 
have also repeated the SAMHD1 gene expression analysis on 
equivalent groups of comparable size, and the results were 
confirmed (Supplementary Fig. 1, Panel A–C).

By a longitudinal analysis, we also examined changes 
in SAMHD1 expression in paired peripheral blood sam-
ples obtained during long-term antiretroviral therapy from 
seven HIV-1-infected patients whose blood samples had 
been collected before starting antiretroviral therapy. All 
these patients became aviraemic after antiretroviral therapy 
(median therapy duration: 7 years) and had a median value 
of 590 CD4+ T cells/mm3. No patients had any concurrent 
acute illness or infection. SAMHD1 levels increased in all 
patients analyzed with a median (range) SAMHD1 increase 
of 0.2 Log (0.02–1.38) (Fig. 1b).

Few data are available on the relationship between 
SAMHD1 levels vs HIV-1 load and CD4+ T cell counts 
in chronic HIV-1 infection [21, 22, 35]. Thus, we next 
investigated any correlations in naïve and HAART-treated 
HIV-1-infected patients but found no association between 
these factors (CD4+ T cell count: naïve HIV-1-positive 
patients: p = 0.06, r = 0.22; treated HIV-1-positive patients 
with detectable viremia: p = 0.09, r = 0.26; HIV-1 load: 
naïve HIV-1-positive patients: p = 0.13, r = − 0.2; treated 
HIV-1-positive patients with detectable viremia: p = 0.68, 
r = − 0.08). Furthermore, no differences in SAMHD1 

Table 1   Demographic and clinical characteristics of treatment-naïve and HAART-treated HIV-1- positive patients and healthy controls

NA not applicable, PI protease inhibitor, NRTI nucleoside (or nucleotide) reverse transcriptase inhibitor, NNRTI non-nucleoside reverse tran-
scriptase inhibitor, INSTI integrase strand transfer inhibitor
a Data are expressed as mean ± SD or median (IQR). Differences in demographic and clinical characteristics between HIV-1-positive patients and 
healthy controls were evaluated using Student’s t and chi-squared tests
b HIV-1 viral load was determined by Versant HIV-1 RNA kPCR assay (Siemens Healthineers, Tarrytown, NY, USA) which has a detection limit 
of 37 copies/mL
c Some of the patients analyzed in this study were included in Immunobiology 221(2):282–90 and clinical data partially reused with permission 
from Elsevier/Immunobiology and the authors, and expanded by new data

Itema Healthy con-
trols, n = 100 
(A)

Treatment-naïve HIV-
1-positive patientsc, 
n = 92 (B)

Viremic HAART-treated 
HIV-1 patients, n = 53 
(C)

Successfully HAART-
treated HIV-1 patients, 
n = 243 (D)

A vs B
p values

C vs D
p values

Age (years) 48 ± 16.6 38 ± 11.81 50 ± 9.41 50 ± 14.02 0.07 0.4
Gender (male/female) 

(number)
60/40 71/21 38/15 170/73 0.06 0.9

HIV-1 RNA (copies/
mL)b

NA 34,925 (12,785–111,850) 7862 (3205–56,000) < 37 NA < 0.0001

CD4+ T cells/mm3 at the 
enrolment

NA 445 (205–590) 362 (130–535) 560 (430–750) NA < 0.0001

Years of treatment NA NA 10 (5–17) 12 (7–16) NA 0.6
Therapy class (number) NA NA PI (22)

NRTI (15)
NNRTI (7)
INSTI (9)

PI (100)
NRTI (142)
NNRTI (51)
INSTI (34)

NA 0.1
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expression were recorded between males and females (data 
not shown).

SAMHD1 mRNA expression in CD4+ T cells, 
CD14+ monocytes and GALT

As myeloid cells and CD4+ T cells from human periph-
eral blood are the primary target cells during HIV-1 
infection, and SAMHD1 levels were increased in patients 

Fig. 1   SAMHD1 mRNA 
expression in PBMC. a 
SAMHD1 mRNA expression 
levels were measured in PBMC 
collected from 92 treatment-
naïve HIV-1-positive patients, 
243 successfully treated HIV-
1-positive patients, 53 viraemic 
HAART-treated HIV-1-positive 
patients and 100 age-matched 
healthy controls. (*) HIV-1-pos-
itive patients vs healthy donors 
p = 0.04; (**) treated patients 
vs naïve patients p < 0.0001; 
(***) treated patients vs healthy 
donors p = 0.0038; (***) viro-
logically suppressed patients 
vs healthy donors p = 0.0008; 
(**) virologically suppressed 
patients vs naïve patients 
p < 0.0001; (♦) virologically 
suppressed patients vs viraemic 
patients p = 0.0001. Data were 
analyzed using the Mann–Whit-
ney U test. b Individual and 
median variation of SAMHD1 
expression during long-term 
HAART in PBMC collected 
from seven virologically sup-
pressed HIV-1-positive patients. 
Each patient is represented by a 
line. The interval time elapsed 
between T0 (before HAART 
initiation) and T1 (after 
HAART initiation) is indi-
cated for every patient near the 
corresponding line. T0 vs T1 
p < 0.001. Data were analyzed 
using the Wilcoxon signed-rank 
test
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maintaining suppression of HIV-1 load to less than 37 cop-
ies/mL, we further examined SAMHD1 expression in these 
cells collected from a subgroup of 27 out of the 296 treated 
HIV-1-positive patients and from 22 sex- and age-matched 
healthy donors. SAMHD1 levels were higher in CD4+ T 
cells than in CD14+ monocytes paired samples (treated 
patients: p = 0.038; healthy donors: p < 0.0001; Fig. 2). 
By comparing SAMHD1 expression in CD4+ T cells 
and CD14+ monocytes between HIV-1-infected patients 
and healthy donors, an increased SAMHD1 expression 
in these cell subsets was recorded in treated HIV-1-pos-
itive patients (patients vs healthy donors, CD4+ T cells: 
p < 0.0001; CD14+ monocytes: p < 0.0001; Fig. 2).

Since the low expression of SAMHD1 plays an impor-
tant role in the susceptibility of differentiated T cell sub-
sets to HIV-1 infection in vivo [36], we selected a sub-
group of 7 out of 296 treated HIV-1-positive patients 
(Table 1; Fig. 1) with relatively low PBMC SAMHD1 
mRNA expression to explore SAMHD1 levels in GALT. 
We found twofold higher median values of SAMHD1-
mRNAs in PBMC compared to those measured in GALT 
paired samples (p = 0.04; Fig. 3, Panel A). To verify if 
this discrepancy was due to a different cell composition, 
GALT and PBMC samples were also analyzed by flow 
cytometry. Within the GALT and PBMC, T lymphocytes 
were predominant, and their frequencies were significantly 
different between these samples (Fig. 3b–d).

Relationship between SAMHD1 and IFN‑related 
pathways

Data on the relationship between type I IFN and SAMHD1 
compared to other retroviral restriction factors are con-
flicting [6, 25, 29]. We, therefore, compared the expres-
sion levels of SAMHD1 with those of a well-established 
type I IFN-induced gene, MxA, both in healthy donors 
and HIV-1-infected patients. SAMHD1 transcript levels 
were higher than MxA mRNA in healthy donors and in 
naïve, viraemic and virologically suppressed HIV-1-in-
fected patients (p < 0.0001 for all the analysis, Fig. 4a). 
Moreover, SAMHD1 transcript levels were compared 
to those of other ISGs (MxB, HERC5, IRF7) and IRF3, 
recording an enhanced expression of SAMHD1 transcript 
levels in both viraemic and virologically suppressed HIV-
1-infected patients (p < 0.0001 for all the analysis; Fig. 4, 
Panel B). Comparing the level of these genes between 
viraemic-treated HIV-1-positive patients and those with 
suppressed viraemia, a general trend towards increasing 
ISGs and IRF3 expression was found in viraemic-treated 
patients; however, the differences were statistically sig-
nificant for HERC5 (p = 0.0062) and IRF3 (p = 0.0007) 
(Fig. 4b). Last, we evaluated whether expression levels 
of SAMHD1 were correlated with those of the ISGs and 
IRF3 in HIV-1-positive patients’ groups. A coordinated 
activation between SAMHD1 and MxA was observed as 

Fig. 2   SAMHD1 mRNA 
expression in CD4+ T cells and 
CD14+ monocytes. SAMHD1 
mRNA expression levels were 
measured in CD4+ T cells and 
CD14+ monocytes collected 
from 27 of the 296 treated 
HIV-1-positive patients, and 
22 sex- and age-matched 
healthy donors. (*) CD4+ T 
cells vs CD14+ monocytes: 
treated HIV-1-positive patients 
p = 0.038, healthy donors 
p < 0.0001 (Wilcoxon signed-
rank test for paired samples). 
(**) Treated HIV-1-positive 
patients vs healthy donors: 
CD4+ T cells p < 0.0001, 
CD14+ monocytes p < 0.0001 
(Mann–Whitney U test)
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evidenced by the correlation between these two genes 
in naïve and viraemic-treated HIV-1-infected patients 
(Table 2). By contrast, SAMHD1 and MxA levels were 
not correlated with each other in the PBMC of aviraemic 
HIV-1-infected patients (Table 2). A weak correlation was 
also found between SAMHD1 levels and those of MxB, 
HERC5, IRF7 in both viraemic and virologically sup-
pressed HIV-1-infected patients, while SAMHD1 levels 
were correlated with those of IRF3 only in the virologi-
cally suppressed group (Table 2).

Discussion

To determine what happens to SAMHD1 transcript expres-
sion during chronic HIV-1 infection, we first analyzed 
SAMHD1 expression in PBMC from HIV-1-positive 
patients naïve to HAART and HIV-1-infected patients who 
received prolonged HAART with or without persistent 
HIV-1 RNA suppression (plasma viral load < 37 copies 
of HIV-1/RNA levels). We found that aviraemic-treated 
patients displayed a significant increase in SAMHD1 levels 
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analyzed using the Wilcoxon signed-rank test for paired samples



686	 Medical Microbiology and Immunology (2019) 208:679–691

1 3

compared to naïve patients, viraemic-treated patients, and 
healthy donors, suggesting that SAMHD1 increased dur-
ing antiretroviral therapy concomitantly with HIV-1 RNA 
suppression. This finding obtained from a single time point 

evaluation was also strongly supported by the significant 
increase of SAMHD1 levels found in patients on long-
term HAART therapy who exhibited permanent viral sup-
pression whose blood samples had been collected before 

Fig. 4   Comparison between 
SAMHD1, ISGs and IRF3 
mRNA expression levels. a 
SAMHD1 and MxA mRNA 
expression levels were meas-
ured in PBMC collected from 
92 untreated HIV-1-infected 
patients, 243 treated virologi-
cally suppressed HIV-1-infected 
patients, 53 treated HIV-1-in-
fected patients with detectable 
viraemia and 100 age-matched 
HIV-seronegative healthy indi-
viduals. (*) SAMHD1 vs MxA 
in naïve, viraemic, virologically 
suppressed HIV-1-infected 
patients, and in healthy donors: 
p < 0.0001 for all analyses. Data 
were analyzed using the Mann–
Whitney U test. b SAMHD1 
expression levels were com-
pared to those of ISGs (MxB, 
HERC5, IRF7) and IRF3 in 
viraemic (n = 53) and virologi-
cally suppressed HIV-1-infected 
patients (n = 243). (*) SAMHD1 
vs ISGs analyzed p < 0.0001 for 
all analyses; (*) SAMHD1 vs 
IRF3 p < 0.0001. Data were ana-
lyzed using the Mann–Whitney 
U test. (**) Viraemic patients 
vs virologically suppressed 
patients: HERC5 p = 0.0062; 
IRF3 p = 0.0007. Data were 
analyzed using the Mann–Whit-
ney U test
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and after starting antiretroviral therapy. In agreement, 
HIV-1 infection leads to depletion of SAMHD1 cells in 
activated CD4+ T cells, but these SAMHD1 aberrations 
cannot be repaired after long-term HAART-suppressed 
HIV-1 replication [21]. Interestingly, several studies have 
shown that SAMHD1 possesses a differential impact on 
HIV-1 sensitivity to nucleoside analogue reverse tran-
scriptase inhibitors [37–39]. In our study, all the long-term 
HAART-treated HIV-1-positive patients were exposed to 
multidrug regimens, thus it was not possible to examine 
the relationship between SAMHD1 levels and the effica-
cies of nucleoside reverse transcriptase inhibitors.

Moreover, SAMHD1 regulation was found not to cor-
relate with viral load as previously demonstrated in HIV-1 
patients but also in SIV and HIV-2 infection models [21, 
22, 35, 40, 41]. Unlike HIV-2, HIV-1 lacks a countermeas-
ure against SAMHD1. Thus, it could be speculated that the 
chronic immune activation, characterizing even successfully 
treated HIV-1-infected individuals, might be sufficient to 
maintain the aberrations in SAMHD1 production. Indeed, 
several mediators related to the persistent immune activa-
tion found in HIV-1-infected patients have been proposed to 
regulate the production and/or activity of SAMHD1. In par-
ticular, IL-2, IL-7, IL-12/IL-18, TNF-α alone and SDF-1α/β, 
CCL21, XCL1, CCL14, and CCL27 used in combination 
can modulate the production/function of SAMHD1 [42–44]. 
T cell activation also contributed to altered SAMHD1 prop-
erties in HIV-1-infected patients [21].

In addition, upregulation of the type I IFN pathway is 
considered one of the markers of persistent immune activa-
tion during HIV-1 infection [30, 31]. A relationship between 
SAMHD1 and the innate immune response was supported 
by the discovery that toll-like agonists and IFNα/β can 
induce SAMHD1 expression [1, 23–25, 45, 46]. However, 
controversial results have emerged on the ability of type I 
IFNs to induce SAMHD1 directly depending on the type 

of cell analyzed and the experimental conditions used [6, 
23–26, 47]. Our study showed that SAMHD1 was more 
efficiently expressed during HIV-1 infection than classical 
ISGs. Although high gene expression does not necessarily 
imply that a gene is more or less important for a given func-
tion, our finding indicates that the strong gene expression of 
SAMHD1 recorded in HIV-1-positive patients could be due 
to its constitutive expression throughout the human body 
[6] and its ability to be induced/regulated by various host 
factors including microRNA [48]. In support of these find-
ings, our study confirmed that the ISGs levels decreased 
during HAART [34], while for SAMHD1 an opposite trend 
was recorded. Moreover, the expression of SAMHD1 and 
MxA levels was coordinated in naïve and viraemic HIV-
1-infected patients, thereby supporting the ability of HIV-1 
RNA/DNA to trigger intrinsic antiviral immune response 
via pattern recognition receptors [49–53]. Similarly, the 
expression of SAMHD1 was correlated with that of MxB, 
HERC5, and IRF7 in viraemic HIV-1-infected patients. 
Unfortunately, the amount of material obtained from PBMC 
of naïve HIV-1 positive patients was not sufficient to exam-
ine MxB, HERC5, and IRF7 transcript levels. However, 
SAMHD1 has also been implicated in suppressing spontane-
ous activation of the type I IFN system and reducing T-cell 
responses [8, 54, 55]. This suggests a potential beneficial 
effect of SAMHD1 in regulating an abnormal IFN response 
and might explain in part why SAMHD1 levels were not 
positively correlated to those of MxA in virologically sup-
pressed patients. In this regard, HIV-1 elite controllers, 
who are characterized by a similar level of IFN response to 
healthy donors, maintain higher levels of SAMHD1 tran-
scripts in PBMC than do viraemic progressors [19, 35]. This 
result is also consistent with the findings of another study, 
which revealed that SAMHD1-activated CD4+ T cells are 
more permissive to HIV-1 infection and thus might lead to 
the loss of this cell subset in HIV-1-infected patients [36]. 

Table 2   Relationship between 
SAMHD1, ISGs (MxA, MxB, 
HERC5, IRF7) and IRF3 
mRNA levels in HIV-1-positive 
patients

SAMHD1, ISGs (MxA, MxB, HERC5, IRF7), and IRF3 mRNA expression were analyzed in PBMC col-
lected from 92 treatment-naive HIV-1-positive patients, 243 successfully treated HIV-1-positive patients, 
and 53 viraemic HAART-treated HIV-1-positive patients. Spearman’s rho coefficient was used to assess the 
correlation between these two genes. Significant correlations are highlighted in bold
The amount of material obtained from PBMC of naïve HIV-1 positive patients was not sufficient to exam-
ine MxB, HERC5, and IRF7 transcript levels
NA not applicable

Treatment-naïve HIV-1-posi-
tive patients, n = 92

Viraemic HAART-treated 
HIV-1 patients, n = 53

Successfully HAART-
treated HIV-1 patients, 
n = 243

MxA p = 0.0001, r= 0.99 p = 0.012, r = 0.34 p = 0.925, r = − 0.006
MxB NA p = 0.00008, r = 0.68 p = 0.012, r = 0.29
HERC5 NA p = 0.012, r = 0.47 p = 0.001, r = 0.32
IRF7 NA p = 0.025, r = 0.31 p = 0.001, r = 0.32
IRF3 NA p = 0.263, r = 0.15 p = 0.007, r = 0.28
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It is also known that ISGs-mRNAs are not expressed in the 
same levels during HIV-1 infection [34, 56]. This last aspect 
might explain in part why SAMHD1 levels were found to 
be correlated with MxB, HERC5, and IRF7 in virologically 
suppressed HIV-1 treated patients.

However, our ISG-based experiments had some limita-
tions. First, gene expression may vary between circulating 
cell populations and so the use of PBMC may show appar-
ent differences in the level of ISG expression that could be 
due to changes in the size of cell populations. Second, per-
sistent exposure of cells to IFN, as observed during HIV-1 
infection, could induce a steady state in which only the 
un-phosphorylated ISGF3 (U-ISGF3)-dependent genes are 
expressed [57]. However, the direct quantification of type 
I IFNs represents an additional problem. There are many 
different type I IFNs and IFN-α subtypes are also differen-
tially expressed during HIV-1 infection [58]. Moreover, type 
I IFNs usually exhibit low half-life and their expression is 
extremely low [59]. Hence, the group of ISGs analyzed in 
this study does not represent a single immune phenomenon. 
Indeed, the IFN transcriptome is known to be modular with 
sets of ISGs that respond not only to type I IFN but also to 
other type of IFNs (e.g. IFN-λs) [60].

Our study also extends earlier findings on the major role 
played by IRF3 in upregulating SAMHD1 [27] by showing 
a strong positive correlation between SAMHD1 levels and 
those of IRF3 in virologically suppressed HIV-1-positive 
patients. This correlation suggests that during HIV-1 infec-
tion SAMHD1 expression could also be triggered directly 
by IRF3 in a mechanism independent of the classical IFN-
induced JAK-STAT pathway [27].

To gain new insights into the role played by SAMHD1 
in regulating the natural course and pathogenesis of HIV-
1, SAMHD1 expression was also evaluated in CD4+ T 
cells, CD14+ monocytes and GALT in a subgroup of 
HIV-1-positive patients who had achieved sustained 
undetectable HIV-1 RNA levels on HAART. Both these 
HIV-1 target cells carry SAMHD1 as previously reported 
[6, 61], while an enhanced expression of SAMHD1 was 
recorded in CD4+ T cells compared to those measured 
in CD14+ monocytes. The same trend was observed in 
healthy donors. Interestingly, as observed for PBMC, both 
CD4+ T cells and CD14+ monocytes isolated from treated 
HIV-1-positive patients expressed greater SAMHD1-
mRNA levels than those from healthy donors. Higher 
levels of SAMHD1-mRNA were also found in PBMC 
compared to those measured in GALT. In this context, 
immunohistochemical staining of anal mucosa and rectum 
tissue sections of healthy individuals revealed abundant 
constitutive expression of this restriction factor in infiltrat-
ing and resident-nucleated haematopoietic cells in mucosa 
and submucosa of these transmission site tissues [6]. In 
contrast, our previous studies recorded an upregulated 

expression of IFNα, IFNβ and type I IFN receptors in 
GALT compared to PBMC obtained from HIV-1-infected 
patients [32, 62], suggesting that the interplay between 
SAMHD1 and IFN is more complex in the gastrointesti-
nal tract of HIV-1-infected patients. However, it remains 
unclear which triggers (viral or bacterial) and cell types 
[e.g. T cells, DCs, epithelial cells] in the gut were driving 
these gene expression changes in long-term-treated HIV-
1-infected patients. In this context, the reduced expression 
of SAMHD1 in GALT samples could be related to the 
different amount of T cells recorded in GALT and PBMC, 
revealing the importance to analyze cell composition in 
gene expression studies.

Furthermore, it must be highlighted that SAMHD1 
expression levels could be not critical for its function. 
Indeed, it has been demonstrated that SAMHD1 function 
is regulated by phosphorylation [19, 28, 29, 44, 63–65], 
i.e., expression levels of SAMHD1 can be similar in dis-
tinct cells, but activity might be significantly different 
depending on its phosphorylation status. Since phospho-
rylation is tightly linked to cell cycle initiation and pro-
gression, a limitation of this study was to not consider this 
aspect when comparing cell types from different tissues 
(CD4+ T cells, CD14+ monocytes and GALT) of HIV-
1-positive patients. However, measuring mRNA represents 
a viable strategy for studying a specific phenomenon at the 
molecular scale, but it cannot be assumed that the mRNA 
amount is directly correlated with protein expression since 
post-translational or transcriptional modifications (phos-
phorylation, ubiquitination, methylation, acetylation or 
GlcNAcylation) are key to the final synthesis of the protein 
[66]. Other condition-dependent features of the mRNA 
such as RNA structure may also change under certain con-
ditions such as translation efficiency [66]. Interestingly, 
beside phosphorylation, SAMHD1 levels and activity can 
be regulated by promoter DNA methylation, microRNA-
181a and acetylation [67–69]. The latter poses consider-
able challenges to in vivo analysis of SAMHD1 levels 
and function, and their relationship with IFN pathways 
during HIV-1 infection. Moreover, PBMC used in this 
study were isolated from residual blood samples collected 
during routine HIV-1 viraemia testing, so the amount of 
the material was just enough to perform the gene expres-
sion experiments. Further studies aimed to evaluate the 
phosphorylation status of SAMHD1 and its protein level 
as well as those of IFN-related genes in PBMC, CD4+ T 
cells, at different time points during HIV-1 infection are 
needed to better unravel the in vivo relationship between 
SAMHD1 and IFN response. In this scenario, flow cytom-
etry analysis of cell composition of PBMC should be also 
performed. Most relevant myeloid lineage targets of HIV-1 
in vivo (e.g. macrophages) should be also analyzed.
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Conclusions

We have shown that SAMHD1 mRNA levels follow a 
hierarchical order of virologically suppressed HIV-1 
patients > long-term-treated HIV-1 patients with detectable 
viraemia > therapy-naïve HIV-1-positive patients/HIV-unin-
fected subjects; SAMHD1 mRNA levels are not correlated 
with surrogates of HIV-1 disease progression: viral load and 
CD4+ T count; and an abundant amount of SAMHD1 is 
present in PBMC and CD4+ T cells compared to that meas-
ured in CD14+ monocytes and GALT, respectively. Moreo-
ver, this is the first study to investigate the in vivo relation-
ship between IFN’s pathways and SAMHD1 indicating an 
increased expression of SAMHD1 compared to classical 
ISGs and a coordinated activation among SAMHD1, ISGs 
(MxA, MxB, HERC5, IRF7), and IRF3 in HIV-1-infected 
patients. These findings suggest that a relationship between 
IFN-related pathways and SAMHD1 does exist in vivo. 
However, there is a multifaceted regulation for the synthesis 
of ISGs, and the expression of ISGs could provide antivi-
ral defence without the need for inducible IFN production, 
highlighting the complexity of phenomenon analyzed. Fur-
thermore, SAMHD1 exhibits an opposite trend compared 
to the IFN-related genes, suggesting that other mechanisms 
are needed to promote the strong SAMHD1 expression in 
HIV-1-infected patients with suppressed viraemia. These 
mechanisms are currently unknown and warrant further 
investigation.
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