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Although extensive use of antiretroviral therapy (ART) has made great progress in
controlling HIV replication and improving CD4+ T cell recovery, the immune
reconstitution remained insufficient in some patients, who were defined as poor
immunological responders (PIRs). These PIRs were at a high risk of AIDS-related and
non-AIDS complications, resulting in higher morbidity and mortality rate. Thus, it is a major
challenge and urgently needed to distinguish PIRs early and improve their immune
function in time. Immune activation is a key factor that leads to impaired immune
reconstitution in people living with HIV (PLWH) who are receiving effective ART. Double
negative T cells (DNT) were reported to associate with the control of immune activation
during HIV infection. However, the precise mechanisms by which DNT cells exerted their
suppressive capacity during HIV infection remained puzzled. CD73, both a soluble and a
membrane-bound form, display immunosuppressive effects through producing
adenosine (ADO). Thus, whether DNT cells expressed CD73 and mediated immune
suppression through CD73-ADO pathway needs to be investigated. Here, we found a
significant downregulation of CD73 expression on DNT cells in treatment-naïve PLWH
(TNs) compared to healthy controls, accompanied with increased concentration of sCD73
in plasma. Both the frequency of CD73+ DNT cells and the level of plasma sCD73
recovered after ART treatment. However, PIRs showed decreased percentage of CD73+

DNT cells compared to immunological responders (IRs). The frequency of CD73+ DNT
cells was positively correlated with CD4+ T cell count and CD4/CD8 ratio, and negatively
correlated with immune activation in PLWH. The level of sCD73 also showed a negative
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correlation to CD4+ T cell count and CD4/CD8 ratio. More importantly, in the present
cohort, a higher level of sCD73 at the time of initiating ART could predict poor immune
reconstitution in PLWH after long-term ART. Our findings highlighted the importance of
CD73+ DNT cells and sCD73 in the disease progression and immune reconstitution of
PLWH, and provided evidences for sCD73 as a potential biomarker of predicting
immune recovery.
Keywords: HIV, CD73, double-negative T cell, immune reconstitution, immune activation
INTRODUCTION

In recent decades, extensive use of antiretroviral therapy (ART)
in people living with HIV (PLWH) has made continued progress
in controlling viral replication and restoring CD4+ T cell count
(1). However, part of patients (from 15% to 30%) remained
insufficient in immune recovery, leading to a high risk of AIDS-
related and non-AIDS complications. These patients were
classified as poor immunological responders (PIRs), which had
higher rates of morbidity and mortality than immunological
responders (IRs) (2–5). Thus, it is a major clinical challenge and
urgently needed to identify PIRs early and improve their
immune homeostasis in time.

Persistent immune activation played a prominent role in the
loss of CD4+ T cells and disease progression during HIV infection
(6, 7). High levels of immune activation occurred early in primary
HIV infection and still existed in PLWH who were receiving
effective ART (8, 9). Indeed, immune activation is a key factor
that leads to impaired immune reconstitution (10, 11). The
successful control of immune activation could be a target in
clinical therapy for improving damaged immune recovery.
Double negative T cells (DNT cells) were characterized to
express CD3 and TCRab, but not NK cell markers (12, 13).
Although DNT cells comprised only 1–3% of total T cells in
peripheral blood and lymphoid organs of humans and mice, these
cells were crucial for maintaining immune homeostasis (14–17).
A series of previous studies indicated that DNT cells were
predominately memory phenotype in SIV infection, and have a
T helper function, secreting CD4-like cytokines (IL-4, IL-17, IFN-
g and TNF-a) in SIV-infected or healthy monkeys such as sooty
mangabeys (18–20). However, most studies identified these cells
as similar to regulatory T cells (Tregs), which could suppress T
cells, B cells, dendritic cells, and NK cells in graft-versus-host
disease, autoimmune diseases, and infectious disease (21–23).
Elevated DNT cells were reported to associate with the control of
immune activation in both primary HIV-1 infection and IRs,
suggesting the role of DNT cells in disease progression and
immune reconstitution of PLWH (23, 24).

However, the precise mechanisms by which DNT cells exert
their suppressive capacity during HIV infection remained
puzzled. DNT cells with distinct phenotype and function can
mediate inhibition via different mechanisms, including secretion
of TGF-b, IL-10, perforin, and interaction of CTLA-4, which also
involved in Treg-mediated immune suppression (25–28).
Nevertheless, extracellular adenosine (ADO), which
participated in the suppressive activity of Tregs, has never been
org 2
noticed in DN T cells (29). ADO is a critical regulator of innate
and adaptive immune responses, inhibiting T cell proliferation
and the secretion of inflammatory cytokines, including IL-2,
TNFa, and IFN-g (30, 31). The ADO production is generally
regulated by two enzymes sequentially, CD39 and CD73, which
were expressed by many different cell types including immune
cells (32–34). CD39 firstly catalyzes the dephosphorylation of
circulating ATP and ADP to 5’-AMP. After that, CD73, an ecto-
5’-nucleotidase existing in a soluble or membrane-bound form,
converts AMP to ADO (35, 36). Several studies have confirmed
the absence of CD73 on Tregs in human despite the key role of
CD39 and ADO in immune suppression of Tregs (35). Thus,
whether DNT expressed CD73 and mediated immune
suppression through CD73- ADO pathway needs to
be investigated.

In the present study, we found that CD73+ DNT cells in
PLWH were associated with the control of immune activation,
disease progression and immune reconstitution after ART. Of
interest, soluble CD73 (sCD73) was also involved in immune
suppression during HIV infection. Importantly, we provided
evidence that elevated baseline levels of sCD73 could predict
poor immune recovery in PLWH after long-term ART.
MATERIALS AND METHODS

Study Participants
The study was approved by the Committee of Ethics at Beijing
Ditan Hospital, Capital Medical University in Beijing with
informed consent acquired from all participants. We
conducted a cross-sectional study in 263 PLWH and 25 gender
and age-matched healthy control subjects (HCs). These PLWH
included 193 treatment-naïve patients (TNs), 49 IRs, and 21
PIRs. IRs were PLWH with CD4+ T cell count≥350 cells/ml who
had experienced ART for 5.9 years (IQR 5.1-7.4) with
undetectable viral load (<50 copies/ml) according to routine
clinical assays. PIRs were PLWH with CD4+ T cell count<350
cells/ml who had experienced ART for 5.5 years (IQR 5.0-6.2)
with undetectable viral load. The demographic and clinical
characteristics of the participants were shown in Table 1.

In the retrospective cohort study, we recruited 171
participants, who were PLWH with baseline CD4+ T cell
count<350 cells/ml and had received ART for 4.9 years (IQR
4.5-5.2) with undetectable viral load according to routine clinical
assays. These participants were divided into IRs (CD4+ T cell
April 2022 | Volume 13 | Article 869286
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count≥350 cells/ml) and PIRs (CD4+ T cell count<350 cells/ml)
according to their CD4+ T cell count at 4.9 years following ART
initiation. The demographic and clinical characteristics of the
participants were described in Table S1.

Separation of Peripheral Blood
Mononuclear Cells (PBMCs)
PBMCs were collected from the peripheral blood in EDTA-K2

tubes using standard Ficoll-Paque gradient centrifugation. All
samples were processed and analyzed within 24 hours
of collection.

Plasma HIV-1 Viral Load and CD4+

T-Cell Count
The HIV-1-RNA levels in plasma were quantified using a
Standard Amplicor HIV Monitor assay, version 1.5 (Roche
Diagnostics, Indianapolis, IN, USA), with a limit of detection
of 40 copies/ml. The CD4+ T-cell count was measured by a
standard flow cytometry technique with a TruCOUNT tube in
routinely equipped laboratories (BD Biosciences, San Jose,
CA, USA).

Immunofluorescence Staining and Flow
Cytometry Analysis
The expression of ectonucleotidases (CD39 and CD73) on
abDNT and activated Treg cells was evaluated by flow
cytometry. The gating strategy for activated Treg cells was
performed as previously described (5). PBMCs were stained
with directly conjugated antibodies for 30 min at 4°C in the
dark. The cells were washed before flow cytometry analysis.
Antibodies used included anti-human CD3-BV785 (clone SK7),
CD4-APC-fire750 (clone SK3), abTCR-BV421 (clone IP26),
CD56-BV510 (clone HCD56), CCR7 (CD197)-PE-cy7 (clone
G043H7), HLA-DR-AF700 (clone L243), CD73-PE (clone
AD2), CD39-BV605 (clone A1, BioLegend, San Diego, CA,
USA), CD45RA-BV711 (clone HI100), CD38-BUV737 (clone
HB7), CD25-PE-CF594 (clone M-A251), CD8-FITC (clone
SK1), CD8-BUV395 (clone RPA-T8, BD Biosciences, San
Diego, CA, USA), and the corresponding isotype controls.
Data were acquired on a BD LSR Fortessa flow cytometer (BD
Biosciences) and analyzed with FlowJo software (Tree Star,
Ashland, OR, USA).
Frontiers in Immunology | www.frontiersin.org 3
Quantification of Soluble Markers
Plasma samples from healthy controls and patients were assayed
for the levels of different cytokines and chemokines (IFN-g,
IFN-a, IL-18, IL-1b, IL-15, TNF-a, IL-2, RANTES, MIP-1b,
IP-10, and IL-7) using Luminex multiple kits (Invitrogen,
Carlsbad, CA, USA). Plasma levels of sCD73 were analyzed by
ELISA (Abcam, ab213761) according to the manufacturer’s
protocol. Adenosine was detected in plasma by Adenosine
Assay Kit (Fluorometric) (Abcam, ab211094).

Statistical Analysis
The data are expressed as the mean (standard deviation, SD),
median (interquartile range, IQR), and percentage. SPSS21 (IBM
Corporation, New York, NY, USA) and GraphPad8 (GraphPad
Software, La Jolla, CA, USA) were used for statistical
calculations. The normality of each variable was evaluated
using the Kolmogorov-Smirnov test. For normally distributed
data, the comparison of two variables was performed using
unpaired two-tailed Student’s t-tests. When the data were not
normally distributed, the comparison of variables was performed
with a Mann-Whitney U test or a Wilcoxon matched-pairs
signed-rank test for unpaired and paired data, respectively. In
the case of comparing two more independent samples, the
Kruskal-Wallis test followed by Dunn’s multiple comparisons
test was applied. Correlation coefficients were calculated for
nonparametric distributions using Spearman’s correlation test.
The Chi-square test was used to compare categorical variables.

When performing univariable and multivariable Cox
regression analyses, continuous variables of soluble factors
were converted into categorical variables according to cutoff
value (with the highest Youden index) which was obtained by
the receiver operating characteristic (ROC) curve. Significant
factors (P<0.05) from univariable Cox proportional regression
analysis were included in the multivariable analysis to identify
factors independently associated with immune reconstitution
expressed as hazard ratios and related 95% confidence intervals
(95%CI). Survival analysis was performed using a Kaplan–Meier
survival plot, and the log-rank test P value was calculated. The
endpoint of Kaplan-Meier and Cox regression analyses was
CD4+ T cell recovery or restoration of CD4/CD8 ratio, which
was defined by the data of the first values of CD4+ T cell
count≥350 cells/ml or CD4/CD8 ratio≥0.7. Receiver operating
TABLE 1 | Demographic and clinical characteristics of study participants.

Characteristics HCs TNs IRs PIRs

CD4≥350 200≤CD4<350 CD4<200

N (%) 25 66 (34.20) 71 (36.79) 56 (29.01) 49 21
Sex (M/F) 24/1 64/2 68/3 56/0 48/1 21/0
Age (mean, years) 34 ± 7 32 ± 10 31 ± 7 35 ± 8 36 ± 6 39 ± 7
CD4 count (cells/mm3), median (IQR) – 456 (408-529) 281 (244-312) 83 (33-146) 628 (560-743) 271 (229-328)
CD8 count (cells/mm3), median (IQR) – 1085 (796-1401) 1017 (727-1267) 729 (547-904) 788 (656-1009) 691 (600-790)
CD4/CD8 ratio, median (IQR) – 0.43 (0.31-0.61) 0.28 (0.22-0.37) 0.11 (0.05-0.17) 0.77 (0.64-1.06) 0.43 (0.36-0.49)
HIV RNA viral load (copies/mL), median (IQR) – 11091

(4239-29660)
35908

(10658-119660)
82353

(26229-211286)
<LDL <LDL
Ap
ril 2022 | Volume 13
HC, healthy controls; TN, treatment-naive HIV-1-infected patients; IR, immunological responders; PIR, poor immunological responders; M, male; F, female; LDL, lower detection limit. TNs
are divided into three subgroups according to blood CD4+ T cell count.
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characteristic (ROC) was used to evaluate the predicted potential
(with 95% confidence intervals), and to calculate the sensitivity
and specificity. P<0.05 was considered statistically significant.
RESULTS

Decreased Frequency of CD73+ DNT Cells
in PLWH
To investigate the potential role of CD39 and CD73 on DNT cells
in HIV infection, we recruited 193 TNs and 25 gender and age-
matched HCs. TNs were subdivided into three groups according
to their CD4+T cell count (<200 cells/µl, 200-350 cells/µl,
and≥350 cells/µl). The demographic and clinical characteristics
Frontiers in Immunology | www.frontiersin.org 4
of these patients were shown in Table 1. We examined the
expression pattern of CD73 and CD39 on DNT cells by flow
cytometry. Representative flow cytometry gating strategy for
abDNT cells was shown in Figure S1. DNT cells preferentially
expressed CD73 in HCs and TNs compared with CD39
(Figure 1A). Despite a significant increase in the absolute
number and percentage of DNT cells from TNs (Figures S2A,
B), the patients showed significantly decreased level of CD73 and
comparable expression of CD39 on DNT cells compared to HCs.
Accordingly, there was a lower frequency of CD73+CD39+ DNT
cells in TNs than in HCs (Figure 1B). As previously reported, we
also found that activated Tregs (aTregs) expressed high levels of
CD39 and almost did not express CD73 in both HCs and TNs
(Figures 1C, D), implying CD73+ DNT cells as an assistant of
A

B

D

C

FIGURE 1 | CD73 was downregulated on DNT cells from TNs compared to HCs. Flow cytometry analysis of CD39 and CD73 expression was performed on
PBMCs collected from HCs and different TNs groups. (A) Representative flow data showed the expression of CD39 and CD73 gated on DN T cells from HCs and
different TNs groups. (B) Scatter plots of the percentage of CD73+, CD39+ and CD39+ CD73+ DN T cells from HCs and different TNs groups (n=22-66 each group).
P values were obtained by Kruskal-Wallis test followed by Dunn’s multiple comparisons test. (C) Representative flow data showed the expression of CD39 and
CD73 gated on activated Treg cells from HCs and different TNs groups. (D) Scatter plots of the percentage of CD73+, CD39+and CD39+ CD73+ activated Treg cells
from HCs and different TNs groups (n=21-66 each group). P values were obtained by Kruskal-Wallis test followed by Dunn’s multiple comparisons test. *P<0.05,
**P<0.01, ***P<0.001.
April 2022 | Volume 13 | Article 869286
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aTregs in producing ADO. In all, these data suggested the
involvement of CD73+ DNT cells during HIV infection.

Decreased Frequency of CD73+ DNT Cells
Was Partly Reversible After ART and
Associated With CD4+ T Cell Count and
Immune Activation in PLWH
To further investigate the role of CD73+ DNT cells in immune
reconstitution after ART, we then assessed the expression of
CD73 on DNT cells among patients experiencing 5.7 years of
ART. As shown in Figure 2A, PLWH who experienced long-
term ART displayed elevated frequency of CD73+ DNT cells
Frontiers in Immunology | www.frontiersin.org 5
compared to TNs. Meanwhile, the percentage of DNT cells in
PLWH with ART was lower than in TNs (Figures S2C). We
further divided 70 ART-treated PLWH into two subgroups: 49
IRs with CD4+ T cell count≥350 cells/µl and 21 PIRs with CD4+

T cell count<350 cells/µl after 5.7 years of ART. The percentage
of CD73+ DNT cells was significantly higher in IRs than PIRs,
despite comparable frequencies of DNT cells between these two
groups, implying that the low frequency of CD73+ DNT cells was
associated with incomplete restoration of CD4+ T cells
(Figure 2B and Figure S2D).

We next applied correlation analysis in all PLWH, including
TNs and ART-treated patients. It was revealed that the frequency
A B

D

E F

C

FIGURE 2 | The frequency of CD73+ DN T cells was partly recovered after ART and correlated with CD4 count, CD4/CD8 ratio, and immune activation in PLWH.
(A) Scatter plots displayed the frequency of CD73+ DN T cells from HCs, TNs, and ART-experienced PLWH (n=25-139 each group). P values were obtained by the
Kruskal-Wallis test followed by Dunn’s multiple comparisons test. (B) Comparison of the frequency of CD73+ DN T cells between IRs and PIRs with matched
baseline CD4 count (n=21-49 each group). P values were obtained by unpaired t-test. (C–F) Correlations between percentage of CD73+ DN T cells with CD4 count
(C), CD4/CD8 ratio (D), HLA-DR+CD38hi CD8+ T cells (E), HLA-DR+CD38hi CD4+ T cells (F). Spearman’s non-parametric test was used to test for correlations.
**P<0.01, ***P<0.001.
April 2022 | Volume 13 | Article 869286
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of CD73+ DNT cells was positively correlated with CD4+ T cell
count (r=0.4024, P<0.0001; Figure 2C) and CD4/CD8 ratio
(r=0.4933, P<0.0001; Figure 2D), whereas no significant
correlation was observed between the percentage of CD73+

DNT cells and virus load (Figure S3A). Of note, CD73+ DNT
cells exhibited a significant negative correlation with the
percentage of HLA-DR+CD38hi CD8+ T cells instead of the
CD4+ T fraction (r=-0.4553, P<0.0001; r=0.2682, P<0.0001,
respectively; Figures 2E, F). In addition, we also assessed the
correlation of DNT cell frequency with CD4+ T cell count, CD4/
CD8 ratio, and immune activation and found no correlation
among these parameters (Figures S2E–H). Collectively, these
results suggested that the depletion of CD73+ DNT cells was
associated with uncontrolled immune activation and adverse
clinical outcomes in PLWH.
Frontiers in Immunology | www.frontiersin.org 6
Increased Level of sCD73 Was Related to
Disease Progression and Clinical
Outcomes in PLWH
Considering the low expression of CD73 on DNT cells in TNs,
this raises an important question: whether the concentration of
sCD73 in plasma has also changed. First, we observed a
significant increase of sCD73 in plasma from TNs compared to
HCs, whereas the level of sCD73 was downregulated in ART-
treated patients (Figure 3A). However, there were comparable
levels of sCD73 in IRs and PIRs (Figure 3B). We next analyzed
the longitudinal data of sCD73 from PLWH at the baseline and
5.7 years after ART initiation. The concentration of sCD73 was
obviously downregulated after 5.7 years ART (Figure 3C).
Considering that the membrane-bound form of CD73
expressed by DNT cells was involved in the control of immune
A B

D E

F G

C

FIGURE 3 | Elevated sCD73 was reversed after ART and associated with clinical outcome. (A) Data were shown as scatter plots comparing the concentration of
sCD73 in plasma among HCs, TNs, and ART-experienced PLWH (n=25-110 each group). P values were obtained by Kruskal-Wallis test followed by Dunn’s multiple
comparisons test. (B) Scatter plots depicting the concentration of sCD73 among IRs and PIRs with matched baseline CD4 count (n=21-41 each group). P values
were obtained by Mann-Whitney test. (C) Longitudinal analysis of sCD73 at baseline and 5.7 years or above following ART (n=38). P values were obtained by
Wilcoxon matched-pairs signed-rank test. (D-G) Correlation analysis of sCD73 level with CD4 count (D), CD4/CD8 ratio (E), HLA-DR+CD38hi CD8+ T cells (F), and
HLA-DR+CD38hi CD4+ T cells (G). Spearman’s non-parametric test was used to test for correlations. ***P<0.001. ns, not significant.
April 2022 | Volume 13 | Article 869286
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activation and CD4+ T cell recovery in PLWH, we speculated
that sCD73 might play a role in HIV infection. Consistently, the
level of sCD73 was inversely correlated with CD4+ T cell count
and CD4/CD8 ratio, respectively (r=-0.3336, P<0.0001; r=-
0.4114, P<0.0001; Figures 3D, E). However, no correlation was
found between sCD73 and the percentage of HLA-DR+CD38hi

cells among CD8+ and CD4+ T cells (r=0.2762, P=0.0023,
r=0.2472, P=0.0065, respectively; Figures 3F, G). Accordingly,
there was no correlation between sCD73 and virus load
(Figure S3B).

Since CD8 T cells were reported to contribute to ADO-
mediated immune suppression by releasing CD73-containing
extracellular vesicles, we tested the correlation of sCD73 or ADO
with CD73+ CD8 T cells and CD73+ DNT cells, and correlation
between ADO and sCD73. Of interest, the concentration of
sCD73 was inversely related to the frequency of CD73+ CD8 T
cells but not CD73+ DNT cells in TNs (r=-0.3011, P=0.0216; r=-
0.04427, P=0.7414, respectively; Figures S4A, B). Oppositely, in
PLWH who experienced ART, the level of sCD73 showed a
negative correlation with CD73+ DNT cells but not CD8 subset
(r=-0.3220, P=0.0107; r=-0.1289, P=0.3184, respectively; Figures
S4C, D). No correlation was observed between ADO and CD73+

DNT, CD73+ CD8+ T cells, and sCD73 (Figure S5). These data
could provide an explanation for the derivation of sCD73 in
different immune status of PLWH.

Plasma sCD73 Was Identified
as a Predictive Factor for Immune
Reconstitution in PLWH After
Long-Term ART
To further identify the potential predictive role of baseline
sCD73 in clinical outcomes of ART-treated PLWH, we
performed a retrospective cohort study of 171 patients who
had a baseline CD4+ T cell count lower than 350 cells/ml and
experienced ART for 4.9 years with good viral responses. The
detailed demographic and clinical information were shown in
Table S1. Based on the baseline level of sCD73 at the time of
initiating ART, these 171 patients were classified into high-
sCD73 (sCD73>4.111 ng/ml) vs. low-sCD73 (sCD73 ≤ 4.111
ng/ml) subgroups. We analyzed the incidence of poor immune
reconstitution in these two groups after different duration of
ART. It was revealed that patients with high sCD73 exhibited a
greater risk of poor immune reconstitution after 1 to 5 years of
ART than those with low sCD73 (Table S2).

In addition to sCD73, we further detected the baseline
concentrations of various cytokines and chemokines, which
were reported to associate with disease progression or clinical
outcomes during HIV infection, including IFN-g, IFN-a, IL-18,
IL-1b, IL-15, TNF-a, IL-2, RANTES, MIP-1b, IP-10, and IL-7.
As shown in Figure 4A and Table S3, we performed a univariate
analysis and found that increased baseline levels of IL-1b
(P=0.017), IL-18 (P=0.009), IFN-g (P=0.007), TNF-a
(P<0.0001), and sCD73 (P<0.0001) were significantly
associated with a higher risk of poor immune reconstitution in
PLWH. We next included these factors in a multivariate Cox
regression analysis, and showed that sCD73 (HR 2.057 [95%CI
Frontiers in Immunology | www.frontiersin.org 7
1.356-3.121]; P=0.001) and TNF-a (HR 1.913 [95%CI 1.241-
2.950]; P=0.003) both remained as independent factors affecting
CD4+ T cell recovery for ART-treated PLWH.

Furthermore, we sought to utilize sCD73 and TNF-a to
predict clinical outcomes. When using optimal cutoff values,
patients with high baseline levels of sCD73 or TNF-a
demonstrated an elevated incidence of PIRs based on Kaplan-
Meier (K-M) curves (P=0.0002, and P=0.0002, respectively;
Figures 4B, C). More importantly, Receiver operating
characteristic (ROC) analysis showed that sCD73 had a higher
area under the curve (AUC) (0.7122 [95%CI 0.6291-0.7953])
than TNF-a (AUC 0.6107 [95%CI 0.5202-0.7012]; Figure 4D).
Additionally, we also defined the clinical outcomes according to
CD4/CD8 ratio restoration. Patients were classified into two
subgroups: patients with high ratio restoration who achieved
CD4/CD8 ratio of 0.7 or above after 4.9 years ART, and patients
with low ratio restoration who failed to achieve CD4/8 ratio of
0.7 after 4.9 years ART. Similar results were shown in sCD73
(Figure 4E). However, TNF-a may not be a potential predictor
for the CD4/CD8 ratio restoration (Figures 4F, G).

In summary, sCD73 in plasma represented a potential
predictive biomarker of immune reconstitution after ART.
DISCUSSION

Previous studies have identified the crucial role of CD39/ADO
pathway in immune suppression of Tregs during chronic HIV
infection (37–39). Due to the lack of CD73 in Tregs, the source of
CD73 and its essential role in AIDS progression remained
puzzled and needed to be well investigated. In the present
study, we demonstrated the involvement of CD73+ DNT cells
in chronic HIV infection and disease progression. We found that
the frequency of CD73+ DNT cells in PLWH, including TNs and
those who experienced long-term ART was associated with
CD4+ T cell count and immune activation. Additionally, the
serum concentration of sCD73 showed a negative correlation
with CD73+ DNT cells in PLWH who experienced ART. More
importantly, the level of sCD73 at the baseline could predict
CD4+ T cell recovery in PLWH. Patients with higher baseline
levels of sCD73 had a higher risk of poor immune reconstitution.
To our knowledge, this is the first evidence for a predictive role of
sCD73 in immune reconstitution after long-term ART.

It is acknowledged that a significant percentage of ART-
treated patients, classified as PIRs, failed to achieve optimal
CD4+ T cell recovery, despite the HIV RNA being undetectable
after several years of ART (4). These PIRs had a higher risk of
AIDS-related and non-AIDS complications, such as
cardiovascular disease, bone, and renal disease, neurocognitive
decline, and premature aging (40–43). Notably, PIRs had higher
rates of morbidity and mortality than IRs (5). Thus, there is an
urgent need to identify PIRs early and provide effective treatment
as soon as possible. Most prior studies indicated that the
potential baseline predictors of poor immune reconstitution
contained several clinical features (such as age, co-infection,
CD4+ T cell count, CD8 count, CD4/CD8 ratio, and viral
April 2022 | Volume 13 | Article 869286
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load), immune activation (CD38+HLA-DR+), genetic factors
(CCR5 polymorphisms, IL7RA polymorphisms and
mitochondrial haplogroups), and thymic function (44–52). In
fact, the baseline CD4+ T cell count is the most recognized
method for predicting the immune recovery after ART, however,
it remains a considerable challenge to acquire this data in
resource-limiting settings. Additionally, in contrast to stable
serological biomarkers, CD4+ T cell count is susceptible to
several factors, including physiology, emotion, drugs, age, and
even the skill of lab technicians. Indeed, a series of studies
indicated that several plasma biomarkers of systemic
inflammation after ART initiation are potentially more
predictive for future non-AIDS complications or CD4+ T cell
recovery than cellular markers of immune activation (53–55).
Frontiers in Immunology | www.frontiersin.org 8
Here, we took sCD73 and eleven other cytokines, which were
indicated to associate with disease progression or clinical
outcomes in PLWH, into the present study (56–64). Based on
a series of rigorous statistical analysis, only the baseline
concentration of sCD73 was identified as the most important
predictive biomarker for immune reconstitution after ART.
However, Prebensen et al. pointed out that elevated baseline
levels of MIP-1b identified long-term PIRs who started ART at
CD4+ T cell counts<200 cells/ml, which was not consistent with
our study (64). Several possibilities were considered to explain
the contradiction. On one hand, our cohort included PLWH
with a baseline CD4+ T cell count<350 cells/ml significantly
higher than their baseline CD4+ T cell count. Distinct immune
characteristics and responses in these two cohorts could
A

B D

E F G

C

FIGURE 4 | High levels of sCD73 predicted poor immune reconstitution in PLWH. (A–D) Patients’ clinical outcomes were defined by CD4 cell count. (A) Univariate
Cox regression analyzed the association between different plasma soluble factors at baseline and immune recovery. Dot and error bars represent the regression
coefficients with 95% CI. (B, C) Kaplan-Meier curves estimate recovery possibility for patients in high-concentration (red line) and low-concentration groups (blue line)
segregated by (B) sCD73 (n=68 [high], n=99 [low]) and (C) TNF-a (n=129 [high], n=33 [low]). P values were obtained by Log-rank test. (D) Receiver operating
characteristic (ROC) analyses for sCD73 (n=153, yellow line) and TNF-a (n=147, green line). (E–G) Patients’ clinical outcomes were defined by CD4/CD8 ratio
restoration. (E, F) Kaplan-Meier curves estimate recovery possibility for patients in high-concentration (red line) and low-concentration groups (blue line) segregated
by (E) sCD73 (n=65[high], n=97[low]) and (F) TNF-a (n=125[high], n=32[low]). P values were obtained by Log-rank test. (G) Receiver operating characteristic (ROC)
analyses for sCD73 (n=153, yellow line) and TNF-a (n=147, green line).
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contribute to the heterogeneity of the results. On the other hand,
they did not perform accurate predictive analysis, but only binary
logistic regression, which was not enough to conclude a
predictive biomarker.

More importantly, we evaluated the clinical outcomes not
only by CD4+ T cell count but also by using CD4/CD8 ratio,
which has been increasingly recognized as a biomarker of
immune reconstitution during HIV treatment (65, 66). Indeed,
CD4/CD8 ratio has been recommended as a stronger predictor
of poor outcomes than the CD4+ T cell count in some clinical
guidelines (67). It was gradually recognized that CD4+ T cell
count does not reflect immune activation and risk of non-AIDS-
defined events, despite its crucial role in monitoring immune
recovery (65). Instead, CD4/CD8 ratio was found to
independently associate with immune activation and serious
non-AIDS events (68–71). In fact, severe immune defects were
also identified in some PLWH with virological suppression who
had CD4+ T cell count of more than 500 cells/ml but a low CD4/
CD8 ratio (65, 72). Therefore, immune reconstitution and
prognosis after ART were well monitored by both CD4+ T cell
count and CD4/CD8 ratio. In the present study, we found that
sCD73 instead of TNF-a could predict CD4+ T cell recovery as
well as the restoration of CD4/CD8 ratio, further demonstrating
a predictive value of sCD73 for the clinical outcome.

Of surprise, we observed reduced CD73+ DNT cells
accompanied with an accumulation of CD39+ Tregs in TNs,
despite CD73 being a similar rate-limited enzyme as CD39 in
CD39/CD73/ADOpathway (30). In addition, CD73 was also down-
regulated in CD8 T cells and B cells during HIV infection (73–75).
The distinct dynamics of CD73 and CD39 during HIV infection
might be explained by the increased plasma level of sCD73 in
PLWH. The notion was further supported by a higher enzymatic
activity of CD73 in its soluble form than the membrane-bound
variant (76, 77). Thus, we speculated that CD73+ immune cells
might release sCD73 in an inflammatory environment, which could
cooperate with CD39+ Treg to produce extracellular ADO for
immune suppression. Interestingly, the concentration of sCD73
was related to the frequencies of CD73+ CD8 T cells in TNs, while in
ART-treated patients, the sCD73 level correlated with CD73+ DNT
cells. It was implied that the major source of sCD73 might come
from different cells in different immune status, which needed to be
further explored. Considering that CD73 was widely expressed on
various types of immune cells, further investigation was urgently
needed to determine the exact origin of sCD73 in the future.

However, the exact mechanisms of increased sCD73 in
plasma during HIV infection still remained in puzzle. To our
knowledge, soluble form of CD73 can be cleaved from the
cellular membrane or secreted by various tumor cells (78–81).
Previous studies showed that the decrease of the membrane-
bound CD73 activity on activated CD8+ T cells was accompanied
by an increase in the concentration of soluble counterpart, and
paralleled by elevated generation of ADO in the cell culture
supernatant of activated cells. Similar results were observed on
CD8+ T cells when using phosphatidylinositol-specific
phospholipase C (PI-PLC) to force shedding of cell surface
CD73 (76–78). Thus, considering the inverse trend between
cell-bound and soluble forms of CD73 in our study, we
Frontiers in Immunology | www.frontiersin.org 9
preferred to assume that sCD73 were produced by cleavage of
membrane-bound counterpart, although the source of secretion
could not be completely ruled out.

Given that ADO was a key factor in CD73-mediated
immunosuppression, we also detected the concentration of
ADO in plasma from PLWH. Unfortunately, no correlation
was observed between ADO and sCD73, CD73+ DNT, and
CD73+ CD8+ T cells, which could be explained by several
possibilities. First, ADO was mainly generated in the local
environment of tissue injury, hypoxia, or inflammation where
high local concentrations of ATP and ADP would be released
and correspondingly exerted its immune effects restricted locally.
Thus, the plasma concentration of ADO was hard to reflect their
concentration and activity in the local environment owing to
dilution and time of circulation (82–84). Second, due to the rapid
formation and rapid clearance of ADO in blood, it was
challenging to determine accurate concentrations of
extracellular ADO in blood samples (84). Finally, the
purinergic signaling is a complex network including a number
of purinergic ligands, receptors, enzymes, channels, and
transporters. In addition to CD73, many other purine-
metabolizing enzymes, including adenosine deaminase (ADA),
CD38, ATP-degrading enzymes like ENPPs and CD39, as well as
ATP-regenerating kinases were also present in human plasma
(78, 84–86). Thus, the plasma concentration of ADO could be
mediated by multiple pathways, implying a complicated
relationship of ADO with CD73-expressing cells or sCD73.

The present study has several limitations. First, due to a
minimal number of DNT cells in PLWH, it is difficult to perform
in vitro functional experiments to verify the role of CD73 in the
inhibition mediated by DNT cells and the origin of sCD73.
Second, we did not take the frequency of CD73+ DNT cells into
the predictive model for clinical outcomes of PLWH, owing to
the lack of the baseline flow cytometry data of the retrospective
cohort. Third, the confounding factor of therapy initiation was
not excluded from the correlation analysis in the present study.
Finally, only a single-center cohort study was conducted for the
predictive analysis; we need to recruit more cohorts in additional
sites to verify our findings.

In summary, our study demonstrated that a higher
concentration of sCD73 at the baseline could predict poor CD4+

T cells recovery in PLWH after long-term ART, providing a
potential biomarker for detecting immune reconstitution early.
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