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A B S T R A C T   

The current intersection of the COVID-19 and HIV-1 pandemics, has raised concerns about the risk for poor 
COVID-19 outcomes particularly in regions like sub-Saharan Africa, disproportionally affected by HIV. DPP4/ 
CD26 has been suggested to be a potential therapeutic target and a biomarker for risk in COVID-19 patients with 
high risk co-morbidities. We therefore evaluated soluble DPP4 (sDPP4) levels and activity in plasma of 131 HIV- 
infected and 20 HIV-uninfected South African individuals. Flow cytometry was performed to compare cell sur-
face expression of DPP4/CD26 and activation markers on peripheral blood mononuclear cells of extreme clinical 
phenotypes. Progressors had lower specific DPP4 activity and lower frequency of CD3+ T-cells expressing CD26 
than HIV-1 controllers, but more activated CD3+CD26+ T-cells. The frequency of CD26-expressing T-cells 
negatively correlated with HLA-DR+ and CD38+ T-cells. Divergent DPP4/CD26 expression between HIV-1 
controllers and progressors may have implications for risk and treatment of COVID-19 in people living with HIV.   

1. Introduction 

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
has led to a global pandemic of coronavirus disease (COVID-19) [1,2]. 
Patients with co-morbidities (e.g. diabetes, hypertension, cardiovascular 
disease, obesity and immunosuppression) present with more severe 
disease and have a greater risk of death [3]. In the United Kingdom, 
people living with HIV had higher risk of COVID-19 death with adjusted 
hazard ratio (HR) 2.59 after controlling for confounders [4]. The 
growing spread of COVID-19 in sub-Saharan Africa, a population with 
the highest burden of HIV-1 infection, raises concerns as to whether 
COVID-19 will have a higher morbidity and mortality rate in people 
living with HIV [5,6]. Consequently, there is an urgent need to under-
stand factors including the prevailing immune environment in HIV-1 
infected individuals - that may predispose coinfected patients to a 
greater risk of poor clinical outcomes and inform interventions for 

prevention and treatment. Viral entry into the host cell is an essential 
component of transmission of coronaviruses. Coronaviruses have a 
surface spike glycoprotein which binds host-cell receptor and mediates 
viral entry [7]. Functional studies show that SARS-CoV and SARS-CoV-2 
gain entry by binding angiotensin-converting enzyme (ACE2) host re-
ceptor, while MERS-CoV binds dipeptidyl peptidase 4 (DPP4) [8]. 
Structural studies predicted a potential interaction between SARS-CoV-2 
spike glycoproteins and DPP4 [9] but binding has not been confirmed in 
an experimental model [8,10]. 

DPP4, also known as CD26, is a multifunctional protein [11] with 
immune modulatory properties and has been associated with type 2 
diabetes, obesity, aging and HIV-1 [12–15] – high risk groups for 
COVID-19 disease severity [3,16]. DPP4 is expressed by multiple cell 
types [17] and is present in two forms; (i) bound to the cell-membrane 
and (ii) soluble circulating in blood [18]. Soluble DPP4 (sDPP4) is 
produced as a result of a post-translational modification of membrane- 
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bound CD26 which is then released into peripheral blood [18]. DPP4 
enzymatic activity regulates receptor specificity and the function of 
various chemokines [19]. Recent discussions on the potential role of 
DPP4 in COVID-19 immunopathogenesis [20,21] have suggested that 
DPP4 may be a determinant of COVID-19 disease severity [15]. It has 
been proposed that DPP4 could be a potential marker for risk stratifi-
cation and disease progression in COVID-19 patients with diabetes and 
other highly susceptible populations [21]. However, when considering a 
biomarker for disease progression or therapeutic interventions, it is 
crucial to characterize the candidate marker/target in groups that are at 
high risk for COVID-19 disease severity. Evidence suggests that sDPP4 
levels and activity may be associated with HIV-1 disease progression and 
has the potential to be used as a biomarker in HIV cure research [22,23]. 
Previous studies have shown that sDPP4 activity is reduced in HIV-1 
infection [22–24]. It has also been shown that low sDPP4 activity is a 
predictor of rapid disease progression [23]. Others have suggested that 
DPP4/CD26 may play a protective role against HIV-1 acquisition [25]. 
Investigation into a Kenyan sex worker cohort showed that HIV-1 
exposed seronegative female sex workers had higher membrane 
expression of DPP4/CD26 on CD4+ T-cells and higher sDPP4 levels in 
plasma [25]. 

With the current intersection of the COVID-19 pandemic and HIV-1 
epidemic in South Africa, it is important to characterize DPP4 in this 
immunocompromised population. However, to date, no studies have 
assessed the role of DPP4 in HIV-1 disease progression in sub-Saharan 
Africa. We also need to consider that people living with HIV with or 
without combination antiretrovirals (cART) have different phenotypes 
of HIV disease progression. There are individuals, termed progressors, 
who are symptomatic with low CD4 counts and HIV-1 high viral loads 
requiring cART. There are also groups of individuals who are able to 
inherently limit the impact of HIV infection on their immune system, or 
even naturally control replication of HIV without ART [26–29]. Long- 
term nonprogressors (LTNPs) are individuals who remain asymptom-
atic for a prolonged period without treatment and maintain CD4 counts 
>500 cells/μl in the absence of therapy for >7 years [29]. Unlike long- 
term surviving children [30], adult viremic nonprogressors (AVPs) 
[31–33] – also termed high viral load LTNPs (HVL LTNPs) in our studies 
[34,35] are very rare. They appear to possess mechanisms that protect 
CD4 T-cells but do not control virus replication [33], a feature remi-
niscent of the natural hosts of non-pathogenic simian immunodeficiency 
virus (SIV) infection, such as sooty mangabeys and African green mon-
keys [32,36,37]. Groups controlling viral loads to levels <2000 RNA 
molecules/ml are viraemic controllers (VCs), while those who maintain 
HIV viral loads of <50 RNA copies/ml for at least 1 year are termed elite 
controllers (ECs) [27]. The study of these different HIV-1 phenotypes of 
disease progression may provide insights into whether DPP4 may be a 
useful biomarker or candidate therapeutic in COVID-19 patients with 
HIV-1. This study, therefore aimed to characterize sDPP4 levels and 
activity and cell-membrane bound DPP4/CD26 expression in a cohort of 
South African HIV-1 controllers (LTNPs and ECs) and progressors. 

2. Materials and methods 

2.1. Study participants 

This cross-sectional study comprised a cohort of 20 HIV-1 uninfected 
healthy controls (HC) and 131 HIV-1 infected black South Africans. The 
HIV-1 group was classified according to different clinical phenotypes of 
HIV-1 controllers and progressors. The controllers were further cate-
gorized as elite controllers (ECs), high viral load long-term non-
progessors (HVL LTNPs) and viraemic controllers (VCs). ECs were 
individuals with viral load <50 RNA copies/ml in the absence of cART, 
and CD4 counts >500 cells/μl. HVL LTNPs were defined as having viral 
loads >10,000 RNA copies/ml and CD4 counts >500 cells/μl in the 
absence of cART for >7 years. VCs had low viral loads >50 RNA copies/ 
ml but <2000 RNA copies/ml. The progressor group was identified in a 

prospective cohort [38]. The participants that were included were 
recruited from two prior studies; a randomized trial of preventative 
treatment against tuberculosis (TB) [39] and the Tshisimane Wellness 
cohort [40,41]. Progressors were HIV-infected with CD4 < 200 cells/μl 
and viral load >10,000 RNA copies/ml thus requiring cART. We used 
samples from the time-point prior to therapy initiation. Data for body 
mass index (BMI) was available for these patients. Peripheral blood, 
collected from the individuals in EDTA, was processed immediately by 
standard procedures and the plasma fraction stored at − 80 ◦C until as-
says were carried out. Plasma samples from all 151 individuals were 
used for CD26/DPP4 analysis and peripheral blood mononuclear cells 
(PBMCs) from 5 healthy controls, 5 ECs and 6 progressors were used for 
flow cytometry analysis. Ethics approval for this study was granted by 
the Human Research Ethics Committee (Medical) of the University of the 
Witwatersrand and informed written consent was obtained from all in-
dividuals prior to enrolment. 

2.2. HIV-1 viral load and CD4 counts 

The viral load determinations were performed using the Roche 
Amplicor RNA Monitor assay version 1.5 (Roche Diagnostic systems) 
and the CD4 T-cell counts were determined using the commercially 
available FACS Count System from Becton Dickinson (San Jose, CA, 
USA). 

2.3. Quantitative determination of soluble DPP4/CD26 levels 

The RayBio® Human CD26 ELISA kit (catalog # ELH-CD26; Ray-
Biotech, Georgia, USA) was used for quantifying sDPP4 levels in plasma 
by following the manufacturer's recommendation. Samples were diluted 
1:2000 and run in duplicate. This colorimetric assay was measured at 
450 nm using a VersaMax™ microplate reader (Molecular Devices, 
California, USA), and optical densities calculated from the mean values 
of the standard curve were used to determine sample concentrations. 
The minimum detectable dose of human sDPP4/CD26 using this ELISA 
is 25 pg/ml. 

2.4. Determination of plasma DPP4 activity 

Plasma sDPP4 activity was measured by a fluorometric assay using 
the fluorogenic substrate H-Gly-Pro-AMC (catalog # MAK088, Sigma- 
Aldrich, Missouri, USA). This assay is based on the cleavage of 7- 
amino-4-methylcoumarin (AMC) moiety from the C-terminus of the 
peptide substrate, which increases its fluorescence intensity at 460 nm. 
In addition, a specific DPP4 inhibitor (Sitagliptin) was used to account 
for any activity not contributed by DPP4. Fluorescence intensity (λ 
excitation, 360 nm; λ emission, 460 nm) was measured by the Fluo-
roskan Ascent microplate fluorometer (Labsystems, Helsinki, Finland) in 
kinetic mode at 0, 4, 8, 12, 16 and 20-min time points. A standard curve 
was determined by using AMC fluorescence measurement and DPP4 
activity was expressed as nmol of substrate converted per minute. We 
normalized total DPP4 activity to sDPP4 protein levels to account for 
individual variation, defined here as specific DPP4 activity expressed as 
nmol/min/ng of sDPP4. Results for both total DPP4 activity and specific 
DPP4 activity are presented. 

2.5. Peripheral blood mononuclear cell staining and Flow Cytometry 

PBMCs were isolated from EDTA anticoagulated whole blood by 
Ficoll density gradient separation using a standard protocol and stored 
in liquid nitrogen. Cryopreserved PBMCs from HCs (n = 5), ECs (n = 5) 
and progressors (n = 6) were rapidly thawed and washed twice with 
RPMI-1640 culture medium supplemented with 10 mM HEPES, 1% 
penicillin/streptomycin and 10% heat inactivated fetal bovine serum. 
After thawing, cell viability was determined with trypan blue staining. 
For each donor, DPP4/CD26 cell surface expression was assessed on 
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different cell subsets in the following antibody panel: CD3-APC-H7, 
CD4-BV786, CD8-PerCP, CD26-PE, CD16-Pacific Blue, CD56-PeCy7, 
CD38-BV510, HLA-DR-PeCy5.5, CD14-FITC and the cell viability stain 
propidium iodide. The HLA-DR-PeCy5.5 (Invitrogen™, California, USA) 
antibody and propidium iodide (Molecular Probes™, Oregon, USA) 
were obtained from Thermo Fisher Scientific, RSA. All other antibodies 
were obtained from BD Pharmingen (BD Biosciences, California, USA). 
The average cell viability of the lymphocyte and monocyte populations 
were 98% and 87%, respectively. Multicolour flow cytometry was per-
formed and at least 100,000 events were acquired on a four laser BD 
LSRFortessa™ X-20 cell analyzer (BD Biosciences) using BD FACSDiva™ 
software (BD Biosciences). Eight-peak Rainbow Calibration Particles 
(BD Biosciences) were run to standardize mean fluorescence intensity 
between experiments. Compensation was performed for each experi-
ment using BD™ CompBeads (BD Biosciences) stained individually with 
each fluorochrome included in the panel. Fluorescence minus one 
(FMO) staining was used to set gates to differentiate negative and pos-
itive populations for the following antibodies: CD26-PE, CD16-Pacific 
Blue, CD56-PeCy7, CD38-BV510 and HLA-DR-PeCy5.5. Data were 
analyzed using FlowJo 7.6.1 (Tree Star, California, USA). Cell doublets 
were excluded using forward scatter-area versus forward scatter-height 
parameters. The lymphocyte population was identified based on for-
ward and side scatter parameters. T-cells were defined as CD3- 
expressing lymphocytes and were further classified as CD4+ or CD8+

T-cells. Natural killer (NK) cells were defined as lymphocytes negative 
for CD3 and positive for CD56 and positive/negative for CD16 expres-
sion. The monocyte population was also first identified based on forward 
and side scatter parameters and then defined as CD14+ CD3− cells. 

2.6. Statistical analyses 

Mann–Whitney U tests were performed for comparisons between the 
HIV-1 infected and uninfected groups (Fig. 1). For Figs. 2 and 4, Kruskal- 
Wallis test with Dunn's multiple comparison post-test were used for 
comparisons between three or more groups. Adjusted P values are 
shown and P < 0.05 was considered significant. Spearman's rank co-
efficients (rs) were calculated to determine correlations between vari-
ables. GraphPad Prism version 7.03 was used for the Mann–Whitney U 
tests, Kruskal-Wallis tests and Spearman's rank correlation coefficient 
analyses. 

3. Results 

3.1. Characterization of study population 

The healthy controls (HCs) group were HIV uninfected, non-diabetic 
and had a median age of 32 (range: 23–44) and was comprised entirely 
of females. Although no BMI data was available, none of the HCs were 

obese. The HIV-1 infected cohort had a median age of 38 (range: 23–65) 
and was comprised of 101 (85%) females and 18 (15%) males. Detailed 
characteristics of the study groups are described in Table 1. The distri-
bution of females for each of the phenotypic groups was at least 80%. 
The median age of the HCs was lower than the ECs (P < 0.01) and HVL 
LTNPs (P < 0.01). There were no significant differences in age between 
the HIV-1 controller groups and the progressors. Correlation analysis 
showed no significant relationship between age and sDPP4 plasma levels 
(rs = 0.09, P = 0.23) and total activity (rs = − 0.02, P = 0.79) in our 
cohort (Supplementary Fig. 1A and B). There was no significant corre-
lation between BMI and sDPP4 levels but a significant weak positive 
relationship between BMI and total DPP4 activity (rs = 0.24, P = 0.048) 
in our progressor group (Supplementary Fig. 1C and D). Amongst pro-
gressors, 45.6%, 27.9%, and 26.5% had normal, overweight, and obese 
(> 30 kg/m2) BMIs, respectively (Supplementary Table 1). For flow 
cytometric analyses of membrane-bound DPP4/CD26, patients with 
extreme clinical phenotypes were selected: 5 elite controllers (median 
age 41 [range: 30–52], median CD4 515 [IQR: 505–822], viral load all 
<20 RNA copies/ml) and 6 progressors (median age 37 [range:27–43], 
median CD4 162 [IQR 159–179]), median viral load 67,832 [IQR 
39,738–138, 836]. There were 4 females in each group. 

3.2. Specific DPP4 activity is associated with HIV-1 control 

Previous evidence suggests high sDPP4 levels are protective against 
HIV-1 acquisition [25]. To determine whether sDPP4 is associated with 
HIV-1 control we characterized sDPP4 levels, total DPP4 activity and 
specific DPP4 activity in healthy controls (HCs) and HIV-1 infected in-
dividuals. sDPP4 levels did not differ between HIV-1 infected and HC 
groups (P = 0.69) (Fig. 1A). However, both total DPP4 activity and 
specific DPP4 activity were significantly lower in the presence of HIV-1 
infection (Fig. 1B, P = 0.0026 and Fig. 1C, P = 0.021). Correlation 
analysis revealed a positive relationship between sDPP4 levels and total 
DPP4 activity in the HC individuals (rs = 0.53, P = 0.016) and HIV-1 
infection did not alter this relationship (rs = 0.48, P < 0.0001) (Sup-
plementary Fig. 2A and B). When the HIV-1 group was stratified into two 
subgroups; HIV-1 controllers (HICs) and progressors - sDPP4 levels did 
not differ between these subgroups (data not shown). They also shared 
similar total DPP4 activity, each in turn lower than HCs (P = 0.038 and 
P = 0.009, respectively) (Fig. 2A). Progressors had significantly lower 
specific DPP4 activity than HICs (P = 0.028) and HCs (P = 0.009) 
(Fig. 2B). However, there was no significant difference in specific DPP4 
activity between HICs and HCs. To further characterize sDPP4 in HIV-1 
control, the HIC group was stratified by viral load into EC, VC and HVL 
LTNP subgroups. As for the comparison of HICs and progressors sDPP4 
protein levels did not differ between each of the HIV-1 controller sub-
groups and the progressors (data not shown). The ECs had lower total 
DPP4 activity compared to HVL LTNPs and to HCs (P = 0.043 and P =
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0.002, respectively) (Fig. 2C). However, once DPP4 activity was 
normalized to sDPP4 levels this difference did not remain (Fig. 2D). This 
would suggest that the differences in total activity may be due to vari-
ation in sDPP4 levels and not enzyme function. Progressors had lower 
specific activity than HCs (P = 0.015), while there were no significant 
differences in specific activity between the controller subgroups and HCs 
(Fig. 2D). Given that the HC group was comprised only of females, we 
questioned whether biological sex had an influence on our group com-
parisons. Therefore, we analyzed the specific activity using only the 
female dataset. However, exclusion of the male dataset did not change 
the trend of the data (data not shown). 

3.3. Specific DPP4 activity inversely correlated with viral load and 
positively correlated with CD4 count 

It has been previously suggested that low total and specific DPP4 
activity is associated with HIV-1 disease progression [22,23]. Hence, we 
investigated the relationship between sDPP4, HIV-1 viral load and CD4 
count. There were no significant correlations between sDPP4 levels and 
viral load and total DPP4 activity and viral load. However, there was a 
weak negative correlation between specific DPP4 activity and viral load 
(rs = − 0.19, P = 0.04) (Fig. 3A). Similarly, there were no significant 
relationships between sDPP4 levels and CD4 counts and total DPP4 ac-
tivity and CD4 counts. However, there was a weak positive correlation 
between CD4 counts and specific DPP4 activity (rs = 0.21, P = 0.02) 
(Fig. 3B). 

3.4. High DPP4/CD26 expression correlated with low T-cell activation 

Since high cell surface DPP4/CD26 expression has been suggested to 
be protective against HIV-1 acquisition [25], we hypothesized that HIV- 
1 controllers have higher CD26 cell surface expression than progressors. 
To test this hypothesis, we selected a small subset of patients with the 
extreme clinical phenotypes; ECs and progressors and compared cell 
surface CD26 expression. Selecting extreme phenotypes allows for a 
greater likelihood of detecting differences on small sample numbers. 
Previous studies suggest that in PBMCs, CD26 is predominantly 
expressed on T-cells [42,43]. In agreement, in the HCs, we found that 
CD26 was expressed by a median of 52.6% CD3+ T-cells while only 2.9% 
CD3− lymphocytes and 0.07% CD14+ monocytes expressed CD26. CD26 
was also expressed by a median of 8.6% CD56+CD16− and 0.5% 
CD56+CD16+ NK cells, and by an estimated maximum of 3.9% B cells 
(CD3− CD56− CD16− ). Significant differences in CD26 expression were 
noted between ECs and progressors, in terms of percentage T-cells that 
express CD26. ECs and HIV-uninfected controls had similar median 
frequencies of CD3+ (56.3% vs. 59.3%), CD4+ (75.3% vs. 81.5%) and 
CD8+ (40.8% vs. 43.5%) T-cells expressing CD26 (Fig. 4A). Progressors 
had substantially reduced median frequencies of CD3+ T-cells express-
ing CD26 than both ECs (29.9% vs. 56.3%, P = 0.034) and HIV- 
uninfected controls (29.9% vs. 59.3%, P = 0.008) (Fig. 4A). Similar 
trends were seen for CD4+ and CD8+ T-cells. There were no differences 
in CD26 median fluorescence intensity (MFI) between the groups (data 
not shown). 

A lowered immune activation state has also been suggested to be 
protective against HIV-1 acquisition [44], and it is well-established that 
higher immune activation associates with more progressive HIV-1 
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disease [45,46]. Using HLA-DR and CD38 as markers of cellular acti-
vation we found no significant differences in NK cell and monocyte 
activation between the HCs, ECs and progressors (data not shown). 
However, there were significant differences evident in T-cell activation 
between the three groups. As expected, progressors had higher pro-
portions of CD3+ T-cells expressing HLA-DR and CD38 than HCs and ECs 
(data not shown). Furthermore, progressors had significantly more 
CD3+CD26+ and CD8+CD26+ T-cells expressing HLA-DR than HCs (P =
0.0065 and P = 0.029) (Fig. 4B). A similar trend was seen for 
CD4+CD26+ T-cells (Fig. 4B). Progressors also had significantly higher 
frequencies of CD3+CD26+ T-cells and CD4+CD26+ T-cells expressing 
HLA-DR than ECs (P = 0.016 and P = 0.016). There were no significant 
differences in frequency of CD26+CD38+ T-cells between the groups 
(data not shown). We next investigated the relationship between CD26 
expression and T-cell activation. There were no significant correlations 
between sDPP4 levels and %HLA-DR+ T-cells (rs = 0.004, P = 0.86) or % 
CD38+ T-cells (rs = 0.21, P = 0.54). However, there was a strong inverse 
correlation between frequency of CD26-expressing T-cells and that of 
HLA-DR-expressing T-cells (rs = − 0.7, P = 0.003) (Fig. 4C). Moreover, 
the frequency of CD26-expressing T-cells strongly negatively correlated 
with CD38-expressing T-cells (rs = − 0.65, P = 0.007) (Fig. 4D). 

4. Discussion 

With the current COVID-19 pandemic, there is a need to identify 
biomarkers that could predict more severe disease outcomes of SARS- 
CoV-2 infection in high risk populations. It has been suggested that 
DPP4 could be a potential marker for COVID-19 risk stratification and 
disease progression in aging patients, those with diabetes and possibly 
other highly susceptible populations [21]. HIV-infected individuals are 
thought to be at greater risk of more severe COVID-19 outcomes; how-
ever, this remains to be conclusively established. In order to gain in-
sights into this risk based on DPP4, we characterized different DPP4 
measures (plasma levels, total and specific enzyme activity and DPP4/ 
CD26 surface expression), in a cohort of untreated South African HIV-1 
infected patients compared to healthy HIV-uninfected controls. In 
agreement with findings from a Japanese cohort [22] and two French 
cohorts [23,24], we showed that total DPP4 activity and specific DPP4 
activity is reduced in HIV-1 infection. Consistent with previous findings 
[22], we also showed that specific DPP4 activity inversely correlated 
with HIV-1 viral load. These results suggest HIV-1 may inhibit DPP4 
activity and are supported by multiple functional studies that show HIV- 
1 viral protein Tat binds to DPP4/CD26 thereby inhibiting DPP4 activity 
[47–52]. It has also been proposed that hypersialylation of DPP4/CD26 
in HIV-1 infection promotes binding of HIV peptides, Tat and gp120, 
through their cationic domains to the sialic acid residues of DPP4/CD26 
[52]. Although gp120 also binds DPP4/CD26 [52–54], evidence on 

whether this interaction results in inhibition of DPP4 activity is less clear 
[52]. 

Previous studies suggested DPP4/CD26 could be used as a potential 
biomarker in the field of HIV cure/remission research [23,55]. sDPP4 
levels has been suggested to be a surrogate marker for ART efficacy in 
children whereby a study in a Kenyan cohort showed sDPP4 levels 
increased after cART initiation which correlated with a decrease in viral 
load and increase in CD4 counts [55]. However, in adults, sDPP4 levels 
did not appear to be a suitable marker for ART efficacy. In a French adult 
cohort (ANRS COPANA), sDPP4 levels did not increase after cART 
initiation [23]. For disease progression, sDPP4 levels did not appear to 
be an insightful marker in our adult cohort since sDPP4 levels were not 
different between healthy controls, HIV-1 controllers and progressors. 
However, DPP4 enzyme activity showed to be a promising marker of 
disease progression in both our cohort and the French cohort [23]. In our 
study, progressors had lower specific DPP4 activity than HIV-1 con-
trollers and uninfected individuals, while there was no difference be-
tween HIV-1 controllers and uninfected controls. Our results therefore 
suggest progressive infection is associated with lowered DPP4 activity, 
while HIV-1 control is associated with preserved DPP4 activity. The 
French study also suggested that higher DPP4 activity was associated 
with protection against HIV-1 whereby HIV-1 patients with low levels of 
total or specific DPP4 activity had an increased risk of rapid disease 
progression, and rapid progressors had lower DPP4 activity than slow 
progressors [23]. 

A potential mechanism of DPP4 protection against HIV-1 may be 
linked to the role of DPP4 in Th17-mediated immune response. DPP4 is 
expressed by Th17 cells in peripheral blood and inflamed mucosal tissue 
– with a larger proportion of Th17 cells and DPP4+ Th17 cells in mucosal 
tissue [56]. Mucosal Th17 cells play a crucial role in maintaining 
mucosal barrier integrity and preventing inflammation and have been 
suggested to be protective against HIV-1 [57,58]. In addition, peripheral 
Th17 cells have been linked to HIV-1 control [59] and HIV-induced loss 
of peripheral Th17 cells has been suggested to impair mucosal immunity 
reconstitution [60,61]. It has been suggested that DPP4 enzyme activity 
contributes to the immune response mobilized by Th17 cells [56]. It has 
also been suggested that peripheral DPP4 activity could be a surrogate 
marker for HIV-induced loss of mucosal Th17 cells [23]. Ploquin and 
colleagues showed that in the gut of SIV-infected non-human primates, 
peripheral DPP4 activity was increased in animals treated with IL-21 
and that this increase was associated with restoration of the Th17 
compartment and reduced inflammation [23]. 

Our findings show an association between high DPP4 activity and 
protection against HIV-1 and is supported by previous biological evi-
dence on DPP4 mechanism of action. Previous biological studies show 
DPP4 activity increases the potency of CCR1 and CCR5 agonists which 
leads to protection against HIV-1 [62,63]. Lower DPP4 activity would 
result in less efficient cleavage of these receptor agonists which may lead 

Table 1 
Characteristics of the study population.  

Study 
group 

n Age 
(years) 
median 
(min - 
max) 

Biological 
sex (% 
female) 

CD4 count 
(cells/μl) 
median and 
IQR 

Viral load (RNA 
copies/ml) 
median and IQR 

HCs 20 32 
(23–44) 

100   

ECs 16 43 
(23–58) 

82.4 772 
(594–924) 

20 (<20–95) 

VCs 28 39 
(23–45) 

92.9 612 
(558–826) 

473 (350–1076) 

HVL LTNPs 10 44 
(35–55) 

80 680 
(622–722) 

14,861 
(11519–34,967) 

Progressors 76 37 
(23–65) 

81.6 179 
(152–220) 

42,975 
(20145–110,710) 

HCs = healthy controls, ECs = elite controllers, VCs = viraemic controllers, HVL 
LTNPs = high viral load long term nonprogressors, IQR = interquartile range. 
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Fig. 3. Correlation between specific DPP4 activity, HIV-1 viral load and CD4 
counts. (A) Specific DPP4 activity inversely correlated with HIV-1 viral load 
and (B) positively correlated with CD4 counts. 
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to increased viral replication. Preserved DPP4 activity may also be 
crucial for the protective properties of interferon gamma-induced pro-
tein 10 (CXCL-10/IP-10) against HIV-1. IP-10 is a CXC chemokine which 
recruits activated memory T-cells to sites of inflammation and is shown 
to be a predictor of HIV-1 disease progression [64]. However, IP-10 can 
be cleaved by DPP4 to produce short IP-10 which acts an antagonist of 
native IP-10 and therefore inhibits recruitment of activated T-cells and 
may reduce infection. Consistent with lower DPP4 activity, previous 
evidence shows rapid progressors have lower levels of short IP-10 than 
slow progressors [65]. 

Based on prior studies on DPP4/CD26 and HIV-1 resistance [25,66], 
we hypothesized that HIV-1 controllers may have higher CD26 cell- 
membrane bound expression than progressors. We showed progressors 
have lower CD26 expression on T-cells, but higher proportions of acti-
vated T-cells compared to elite controllers and uninfected individuals, 
while elite controllers had similar CD26 expression to uninfected in-
dividuals. Although flow cytometric analyses were performed on a small 
number of individuals, and broad variation in percentages of some cell 
subsets was observed, there was no overlap in CD26 expression data 
when comparing total CD3+ T-cells of elite controllers or uninfected 
individuals with progressors. Our results suggest HIV-1 control is asso-
ciated with higher cell surface CD26 expression, but low T-cell activa-
tion, as evidenced by strong inverse relationships between T-cells 
expressing CD26 and T-cells expressing HLA-DR or CD38. Our findings 
are supported by biological evidence that show CD26+ (DPP4+) Jurkat 
cells are more resistant to HIV-1 infection than CD26+ (DPP4− ) cells 
[66]. Consistent with our findings, it has been suggested that higher 
CD26 expression and a quiescent immune activation state may be pro-
tective against HIV-1 [25,44]. Songok and colleagues showed in a 
Kenyan sex worker cohort that HIV-1 resistant women had higher cell 
surface expression and soluble CD26 levels compared to HIV-positive 
and negative women [25]. Further analysis showed that these HIV-1 
resistant women also had a gene expression signature suggestive of a 
lowered immune activation state [44]. Activated CD4+ T-cells are more 
prone to HIV-1 infection and promote higher levels of viral replication 

than resting cells [67,68] therefore low levels of these target cells may 
be advantageous in both control of HIV-1 disease progression and pro-
tection against HIV-1 infection. 

Previous data from our larger cohort showed that HIV-1 infected 
individuals with BMIs in the obese and overweight range had reduced 
risk of mortality and infection with M. tuberculosis (TB) [41]. Findings 
from our progressors, a subset of this larger cohort [41], showed that 
BMI was positively correlated with total DPP4 activity - consistent with 
DPP4 being a biological driver for the protective effects against mor-
tality and TB. A limitation of our study was that we did not have BMI 
data for all individuals and therefore could not compare BMI between 
our groups. Nevertheless, a biological influence of BMI on HIV-1 disease 
progression may potentially be mediated by DPP4. Biological studies 
show that DPP4 is an adipokine (a signalling protein via which adipose 
tissue cells communicate with other organs/cells), and increased release 
of DPP4 correlates with size of fat cells [69]. Considering DPP4 is 
associated with type 2 diabetes, another potential limitation of our study 
is that we did not have data for glucose levels for our participants. 
However, it is well-known that DPP4 regulates glucose homeostasis 
[70,71]. Therefore, similarly to BMI, a potential influence of glucose 
levels on mechanisms of HIV-1 control may be biologically mediated via 
DPP4. Taken together, findings from our study support the hypothesis 
that high circulating sDPP4 activity and high membrane-bound CD26 
expression with low T-cell activation may be important for controlling 
HIV-1 disease progression. 

Risk factors for developing severe COVID-19 include obesity, type 2 
diabetes, aging and potentially HIV-1 – all linked to DPP4. In HIV-1, we 
show that high DPP4/CD26 has potentially protective effects against 
disease progression. However, this is in contrast to type 2 diabetes, 
obesity and aging. High circulating sDPP4 levels and activity are char-
acteristic of type 2 diabetes [72,73]. In obesity, DPP4 promotes adipose 
inflammation and insulin resistance [74]. Evidence also suggests, high 
DPP4 activity is associated with aging [75,76] and impaired cognitive 
function in the elderly >60 years old [77–79]. Severe COVID-19 is a 
hyperinflammatory disease [80]. Therefore it is likely that high DPP4 
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Fig. 4. Relationship between T-cell activation and CD26 expression in elite controllers and progressors. (A) Frequency of CD3+CD26+ T-cells, CD4+CD26+ T-cells 
and CD8+CD26+ T-cells were compared amongst HIV-1 uninfected healthy controls (HCs) (n = 5), elite controllers (ECs) (n = 5) and progressors (n = 6). Percentage 
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activity may be linked to regulation of immune activation and hyper-
inflammatory disease in severe and critically ill COVID-19 patients [15]. 
In this regard, there has been discussion about the potential use of DPP4 
inhibitors in COVID-19 patients with diabetes and markers of hyper-
inflammation [15,20,81–84]. DPP4 inhibitors have been clinically 
tested in HIV-1 infected non-diabetic individuals for potential treatment 
of cardiometabolic disorders [85,86]. These studies showed that DPP4 
inhibitors had no effect on immune activation [85,86] but improved 
glycemia [85] in HIV-1 infected virally suppressed individuals on ART. 
However, if based on sDPP4 activity alone, it could be argued that HIV-1 
infected individuals, particularly progressors, might be protected from 
developing severe outcomes of COVID-19. However, it is unlikely that 
any one factor alone would drive such a response. For example, pro-
gressors are more likely to have poor HIV-specific CD4 and CD8 T-cell 
responses and are more immunosuppressed, factors likely to impact 
their susceptibility to any secondary infections. Future studies of HIV-1 
infected individuals coinfected with SARS-CoV-2 are needed to under-
stand the apparent divergent effects of levels of sDPP4 activity, and to 
establish the extent to which HIV-infected individuals of various clinical 
phenotypes (controllers, progressors, virologically suppressed on ART) 
are vulnerable to developing severe COVID-19. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.clim.2021.108824. 
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