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Abstract
Background: To assess T-cell exhaustion mediated by programmed cell death 1 (PD-1) pathway in patients living with type 2
diabetes (T2D).

Methods: MEDLINE and ProQuest electronic databases were searched for eligible studies from inception up to February 2020.
The risk of bias and the quality of evidence were independently assessed by two reviewers using the modified Newcastle-Ottawa
Scale adapted for cross-sectional studies and the Grading of Recommendations Assessment, Development and Evaluation
(GRADE) tool, respectively. The random effects model was used to calculate effect estimates.

Results:We identified 5 studies involving 380 participants whichmet the inclusion criteria. The pooled estimates showed elevated T
helper cell exhaustion in patients with T2D in comparison to controls (mean difference [MD]: 2.57% [95% confidence interval [CI]: –
3.84, 8.97]; I2=100%, P< .00001). Likewise, T2D patients had increased levels of cytotoxic T-cells exhaustion (MD: 3.09% [95%CI:
–12.96, 19.14]; I2=100%, P< .00001). Although the upregulation of PD-1 on T-cells did not affect glucose metabolism-related
profiles, it was associated with inflammation and the development of cardiovascular disease.

Conclusion: In patients living with T2D, immune dysfunction is at least in part due to T-cell exhaustionmediated by the upregulation
of PD-1 expression. Therefore, the use of immune checkpoint inhibitors as a therapeutic strategy may be beneficial in restoring
immune function in patients with T2D.

Abbreviations: AMPK = AMP-activated protein kinase, ATP = adenosine triphosphate, CD4+ = T-helper cells, CD8+ =Cytotoxic
T-cells, CRP = C-reactive protein, CTLA-4 = cytotoxic T-lymphocyte-associated protein 4, CVD = cardiovascular disease, IFN-g =
interferon gamma, IL = interleukin, JAK/STAT3 = Janus kinase/signal transducers and activators of transcription 3, MD = mean
difference, NF-kB = nuclear factor kappa B, PD-1 = programmed cell death-1, PD-L1/2 = programmed death ligand 1/2, PI3K/AKT
= phosphoinositide 3-kinase/protein kinase B, T2D = type 2 diabetes, TCR = T-cell receptor, TNF-a = tumor necrosis factor alpha.
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1. Introduction

Type 2 diabetes (T2D) is a low-grade inflammatory condition
that is characterized by insulin resistance, hyperglycaemia, and
immune dysregulation.[1,2] Notably, impaired glucose tolerance
and obesity drive chronic inflammation in T2D.[3,4] This can lead
to an exacerbated activation of both the innate and adaptive
immune systems.[5] In fact, immune responses mediated by T-cells
play a pivotal role in maintaining immune homeostasis.[6] In
chronic inflammatory conditions, increased expression of
negative co-stimulatory molecules is known to promote T-cell
exhaustion.[7]

It is acknowledged that negative co-stimulatory molecules such
as cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) and
programmed cell death-1 (PD-1) are essential in inducing immune
tolerance during T-cell maturation, and regulating T-cell effector
functions.[8] However, persistent immune activation in T2D leads
to the aberrant expression of these markers and altered T-cell
effector functions.[9]Of the various inhibitorymolecules, PD-1 has
been identified as one of the most potent negative regulators of
T-cell function.[10] For instance, enhanced PD-1 signaling has been
linked with cytotoxic (CD8+) T-cell exhaustion in viral infec-
tions.[11] Recent evidence also suggests the involvement of PD-1 in
mediating T-helper (CD4+) cell exhaustion during chronic
infections.[12,13] Notably, since T-cells are involved in the
pathogenesis of T2D,[14] there has been a great interest in
understanding the impact of PD-1 in T-cell mediated inflammation
and dysfunction in conditions of metabolic syndrome. Interesting-
ly, we have progressively explored the detrimental effects linking
increased levels of T-cell activation and pro-inflammatory T-cell
subsets with low-grade inflammation in T2D.[15–17] To date,
available literature on the expression of PD-1 on T-cells of T2D
patients is inconclusive, with dysregulated expression of PD-1
linked to the progression of low-grade inflammation in conditions
of impaired glucose tolerance.[18,19] Therefore, in this systematic
review and meta-analysis, we aimed to assess T-cell exhaustion
mediated by PD-1 expression in patients living with T2D.

2. Methods

This systematic review and meta-analysis was prepared accord-
ing to the Preferred Reporting Items for Systematic Reviews and
Meta-Analysis (PRISMA) guidelines.[20] This study forms part of
the registered protocol with the International prospective register
of systematic reviews (PROSPERO), registration number:
CRD42018099745. We conducted the qualitative and quantita-
tive synthesis to answer the following questions;
Question 1: Are circulating T-cells exhausted in adult patients

living with T2D?
Question 2: Does the PD-1 receptor mediate T-cell exhaustion

in T2D?
2.1. Search strategy

A comprehensive search was conducted on the MEDLINE
electronic database and ProQuest grey literature, from inception
up until the February 20, 2020. The search was conducted by two
independent reviewers (TMN and BBN), while a third reviewer
(PVD) was consulted for arbitration in cases of disagreements.
The search strategy was adapted toMEDLINE databases without
any language restrictions using medical subjects heading (MeSH)
terms and keywords such as “programmed cell death-1,” “T-cell
exhaustion,” “type 2 diabetes mellitus,” and their respective
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synonyms and associated words or phrases. A detailed search
strategy is provided as a supplementary file (see Table 1S, http://
links.lww.com/MD2/A57, Supplemental Content, which illus-
trates the search strategy used). In addition to scanning reference
lists of retrieved studies, the ProQuest grey literature database
was also searched for relevant studies. The Mendeley reference
manager software (Elsevier, Amsterdam, Netherlands) was used
to manage the reference list and to remove study duplicates.
2.2. Inclusion criteria and study selection

This systematic review and meta-analysis included studies that
reported on the expression of PD-1 on T-cells of individuals with
T2D. Reviews, books, editorials, letters, and studies that reported
PD-1 expression on other immune cells that are not T-cells were
excluded. The studies identified by the search strategy were
independently screened and selected by two reviewers (TMN and
PVD) using the following pre-defined PECO: Participants: adults
(≥18years old); Exposure: T2D; Comparator: healthy controls
(normoglycaemics); Outcome: T-cell exhaustion. In cases of
disagreements, a third reviewer, BBN was consulted for
arbitration.

2.3. Data extraction

Two independent investigators (TMNandVM) extracted the data
items using a pre-defined data extraction sheet. A third reviewer
(PVD) was consulted for arbitration in instances of disagreements.
The extracted data items included the names of the authors, year of
publication, study design, age of participants, T-cell subsets that
PD-1 expression was reported on and the main findings.

2.4. Risk of bias and quality assessment

Two reviewers (TMN and VM) independently assessed risk of
bias in the included studies using the modified Newcastle-Ottawa
Scale adapted for cross-sectional studies.[21] Briefly, the tool uses
3 domains namely, selection of study groups, comparability of
the groups, and outcome ascertainment to assess study quality. A
study is considered unsatisfactory if the total score is �4,
satisfactory (5–6), good (7–8), and very good (9–10). In cases of
disagreements, a third reviewer (BBN) was consulted for
arbitration. The same reviewers evaluated the quality of evidence
using the Grading of Recommendations Assessment Develop-
ment and Evaluation (GRADE) approach.[22]
2.5. Statistical analysis

Cohen kappa scores were used to measure interrater reliabili-
ty.[23] The mean and standard deviation for each continuous
effect measure was extracted or calculated using Hozo et al[24]

method. In cases where standard deviations were not reported,
the Cochrane guidelines were followed to estimate the values.[25]

All statistical analysis was performed using REVMAN version
5.3 software (Cochrane Collaboration, Oxford, UK). Heteroge-
neity was quantitatively assessed usingHiggin I2 index[26] and the
random-effects model was used[27] to calculate the pooled
estimates. The effect estimates were reported using mean
difference (MD) and 95% confidence interval (CI). A p-value
<.05was considered statistically significant. A sensitivity analysis
was conducted to investigate the sources of heterogeneity
amongst the included studies and to assess the robustness of
the reported estimates.

http://links.lww.com/MD2/A57
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3. Results

3.1. Included studies

The search strategy identified a total of 12 citations and only 5
studies[9,18,19,28,29] met the inclusion criteria (overall agreement
95.45%, kappa=0.88). A total of 5 studies were excluded at the
abstract stage because 2 were reviews and 3 were not relevant to
the topic of interest. Of the remaining 7 studies that were assessed
for eligibility using full texts, 2 studies were excluded because
there were not relevant to the topic of interest. As a result, a total
of 5 studies were included in this systematic review and meta-
analysis as indicated in Fig. 1.

3.2. Study characteristics

The included studies were published between 2013 and
2019, and their characteristics are presented in Table 1. All
citations were cross-sectional studies comprising a total of 380
participants. Of these, 198 were T2D patients and 182 were
Figure 1. PRISMA diagram showing the study selection process. PRISMA

3

healthy controls. The study population had an average age of
55.64±9.09 and a male to female ratio of 0.75. Overall, the
included studies reported on participants from China (n=3),
Japan (n=1), and South Africa (n=1).
3.3. Risk of bias assessment and publication bias

The overall median score range of included studies was 7 (4–8),
one study was scored as unsatisfactory (4 points)[28] and the rest
good (7–8 points)[9,18,19,29] (see Table 2S, http://links.lww.com/
MD2/A58, Supplemental Content, which illustrates the modified
Newcastle-Ottawa Scale used). Included studies had a selection
median of 3 (2–4) out of possible 5 (overall agreement 100%,
kappa=1), comparability median of 2 (0–2) out of possible 2
(overall agreement 91.4%, kappa=0.83) and outcome ascer-
tainment median of 2 (2–3) out of 3 possible (overall agreement
93%, kappa=0.87). We did not include funnel plots in this study
since testing for funnel plot asymmetry is not recommended when
included number of studies is less than 10.[25]
=Preferred Reporting Items for Systematic Reviews and Meta-Analysis.

http://links.lww.com/MD2/A58
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Table 1

Characteristic features of included studies and the reported on the expression of programmed cell death 1 (PD-1) on T-cells in patients
with type 2 diabetes (T2D).

Study Country Study size
Male,
n (%) Age, y

T-cell subsets
reported Main findings

Shi et al,
2013[18]

China 90 participants
(42 T2D and
48 controls)

Not reported 51.46±10.68 CD4+CD28– The expression of PD-1 on CD4+CD28- T-cell
subset was increased in T2D patients when
compared to healthy controls. Moreover, the
upregulation of PD-1 on these T-cells was
associated with the development of
atherosclerotic macrovascular diseases.

Fujisawa
et al,
2015[28]

Japan 48 participants
(19 T2D and
29 controls)

24 (50) 49±11.82 CD4+ The levels of PD-1 expression on T-helper cells
were comparable between individuals with T2D
versus healthy controls.

Jia et al,
2016[9]

China 130 participants
(80 T2D and
50 controls)

70 (54) 61±4.10 CD4+ and CD8+ The expression of PD-1 on both CD4+ and CD8+

was increased in T2D when compared with
healthy controls. In addition, the upregulation of
PD-1 on T-cells positively correlated with the
levels of C-reactive protein (CRP), an
inflammation marker.

Nyambuya
et al,
2018[29]

South Africa 69 participants
(34 T2D and
35 controls)

10 (14) 54.48±4.45 CD4+ There was no difference in the expression of PD-1
on T-cells in T2D patients and healthy controls.
Moreover, there was no correlation between the
expression of PD-1 on T-cell and glucose
metabolic profile. However, T2D patients had
increased levels of inflammation.

Sun et al,
2019[19]

China 43 participants
(23 T2D and
20 controls)

20 (47) 57.47±9.03 CD4+ and CD8+ CD4+ and CD8+ T-cells from individuals with T2D
expressed lower levels of PD-1 when compared
with healthy controls. However, no correlation
was found between PD-1 expression and
glucose metabolic profiles.

Nyambuya et al. Medicine (2021) 100:15 Medicine
3.4. Glucose metabolic profiles

A total of 3 studies reported on glucose metabolism-related
profiles of included participants. As expected, patients with T2D
had significantly increased fasting blood glucose levels (MD:
2.81mmol/L [95% CI: 0.28, 5.34]; I2=99%, P< .00001) and
glycated hemoglobin levels (MD: 2.57% [95% CI: –0.08, 5.23];
I2=100%, P< .00001) (see Figure 1S, http://links.lww.com/
MD2/A61, Supplemental Content, which demonstrates estimates
of glucose metabolic profiles), thus indicating poor glucose
control.
3.5. T-cell exhaustion mediated by increased PD-1
signaling pathway in T2D

Two studies[9,18] reported on increased expression of PD-1 on
CD4+ and CD8+ T-cells in patients with T2D when compared
with healthy controls. In contrast, 2 of the included studies[28,29]

reported comparable levels, whereas 1 study[19] showed
decreased levels of PD-1 expression on T-cells in patients with
T2D and controls. Interestingly, pooled estimates showed
increased PD-1 signaling on T helper cells (MD: 2.57% [95%
CI: –3.84, 8.97]; I2=100%, P< .00001) and cytotoxic T-cells
(MD: 3.09% [95%CI: –12.96, 19.14]; I2=100%, P< .00001) of
T2D patients in comparison to controls (Fig. 2). Thus, suggesting
PD-1 mediated T-cell exhaustion in a diabetic state.
We performed a subgroup analysis based on extracted and

computed values of PD-1 expression on T helper cells. Pooled
estimates of studies where PD-1 expression values were extracted
were lower (MD: 1.55% [–10.88, 13.99]; 100%, P< .00001)
4

than studies where the values were computed (MD: 4.00%
[–1.50, 9.50]; I2=99%, P< .00001) (see Table 3S, http://links.
lww.com/MD2/A59, Supplemental Content, which demonstrates
the subgroup analysis). To further investigate the sources of
heterogeneity amongst the included studies and assess the
robustness of the reported estimates, we conducted a sensitivity
analysis and it revealed that sample type and risk of bias might be
further sources of heterogeneity in the estimates of PD-1mediated
T-cell exhaustion. There was no difference on the levels of T-cell
exhaustion between studies reporting on whole blood samples
and those on peripheral blood mononuclear cells. Moreover, the
level of statistical heterogeneity remained substantial (see
Table 4S, http://links.lww.com/MD2/A60, Supplemental Con-
tent, which illustrates the sensitivity analysis). The sensitivity
analysis did not change the direction of the polled effect estimate,
thus suggesting our findings to be robust. A qualitative synthesis
of included studies in this review revealed that the upregulation of
PD-1 expression on T-cells had no association with glucose
metabolism,[19,29] but was positively correlated with inflamma-
tion and the development of cardiovascular diseases (CVDs).[9,18]

A summary of findings is provided in Table 2.
4. Discussion

The aim of this study was to assess T-cell exhaustion mediated by
PD-1 expression in patients living with T2D. Although T-cell
exhaustion is associated with conditions of impaired glucose
tolerance,[18,19] the regulation of PD-1 expression on T-cells of
patients with T2D remains elusive. In this study, pooled estimates

http://links.lww.com/MD2/A61
http://links.lww.com/MD2/A61
http://links.lww.com/MD2/A59
http://links.lww.com/MD2/A59
http://links.lww.com/MD2/A60


Figure 2. A comparison of mean difference of programmed cell death 1 (PD-1) expression on T helper cells (A) and cytotoxic T-cells (B) between patients with T2D
and healthy controls. T2D= type 2 diabetes.
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showed that in patients with T2D, PD-1 expression is
upregulated when compared with healthy controls. Such findings
are congruent with available evidence suggesting that PD-1
expression might promote inflammation and the development of
CVDs.[9,18] Taken together, these findings support the notion
Table 2

Summary of findings table.

Type 2 diabetes compared with healthy controls

Patient or population: adults (≥18 y of age)

Exposure: type 2 diabetes mellitus (T2D)

Comparison: healthy controls (normoglycaemics)

Outcomes

Absolute effects
∗

(95% CI)

Risk with
control

Risk in T2D
patients

T-cell exhaustion
measured by PD-1 expression on CD4 T-cells

– The mean level in
the exposure
group was 2.57
higher (–3.84–
8.97)

T-cell exhaustion measured by PD-1 expression
on CD8 T-cells

– The mean level in
the exposure
group was 3.09
higher (–12.95
lower to 19.14
higher)

∗The risk in the intervention group (and its 95% confidence interval) is based on the assu
95% CI).

CI: confidence interval; MD: mean difference; OR: odds ratio; NE: not estimable
GRADE Working Group grades of evidence
High certainty: We are very confident that the true effect lies close to that of the estimat
Moderate certainty: We are moderately confident in the effect estimate: The true effect i

substantially different
Low certainty: Our confidence in the effect estimate is limited: The true effect may be su
Very low certainty: We have very little confidence in the effect estimate: The true effect

5

that T-cell exhaustion may be mediated by PD-1 signaling
pathway in patients living with T2D.
PD-1 is a receptor belonging to the CD28 family that delivers a

negative signal upon interacting with its two ligands, pro-
grammed death ligand 1 or 2 (PD-L1 or PD-L2).[10,30] Successful
Relative effect
(95% CI)

of participants
(studies)

Certainty of
the evidence
(GRADE) Comments

– 380 (5 observational
studies)

LOW

242 (3 observational
studies)

LOW

med risk in the comparison group and the relative effect of the intervention (and its

e of the effect
s likely to be close to the estimate of the effect, but there is a possibility that it is

bstantially different from the estimate of the effect
is likely to be substantially different from the estimate of effect

http://www.md-journal.com
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T-cell activation requires two signals to induce their effector
functions, whereby the first primary signal is via the T-cell
receptor (TCR) and the second is through CD28 co-stimula-
tion.[31] The upregulation of PD-1 blocks the co-stimulatory
signaling, resulting in immune suppression.[32] Patients living
with T2D patients are known to present with abnormally
increased levels of circulating interferon (IFN)-g, tumor necrosis
factor (TNF)-a, interleukin (IL)-6, and IL-17.[33,34] In fact, these
pro-inflammatory cytokines have the ability to induce PD-1
signaling by upregulating the expression of its ligands in tumor
environments, autoimmunity, or during chronic infections.[35]

The activation of PD-1 signaling pathway dephosphorylates TCR
signaling and zeta-chain-associated protein kinase (ZAP)70 by
recruiting Src homology phosphatase (SHP)-1/2 which results in
the dysregulation of a number of molecular mechanisms
including; the insulin-dependent phosphoinositide 3-kinase/
protein kinase B (PI3K/AKT); as well as the pro-inflammatory
Janus kinase/signal transducers and activators of transcription 3
(JAK/STAT3) and nuclear factor kappa B (NF-kB) elements.[36]

These pathways are essential for T-cell proliferation, activation,
and survival.[37–39] In particular, JAK/STAT and NF-kB path-
ways are the principal signaling mechanisms for a variety of
cytokines and growth factors implicated in cell death,[39,40] while
the activation of PI3K/AKT is crucial for cell survival and
proliferation, including improvements in glucose control.[37,41]

Therefore, a pro-inflammatory state in T2D may induce the
activation of PD-1 signaling leading to immune suppression and
T-cell exhaustion.
Figure 3. An overview of mechanisms that implicates programmed cell death-1 s
activation in type 2 diabetes mellitus is known to increase cardiovascular risk a
programmed cell death-1 (PD-1), a negative T-cell regulator. Thus, increased e
phosphoinositide 3-kinase/protein kinase B (PI3K/AKT) signaling. It further appears
effector functions by upregulating the detrimental mechanisms such Janus kinase/s
kappa B (NF-kB) signaling pathways.

6

The expression of PD-1 on T-cells and cytokine production is
closely regulated in a physiological state. However, in a state of
impaired glucose metabolism, it is apparent that PD-1
expression is dysregulated. For instance, exposure of murine
T-cells to galactose or glucose substrates has been shown to
enhance the expression of PD-1 in addition to increasing
oxidative phosphorylation.[42] These findings suggest that PD-1
may play a significant role in regulating cellular metabolism, or
could impact energy generating mechanisms such as the AMP-
activated protein kinase (AMPK) pathway. To support this
hypothesis, the anti-diabetic drug metformin, (is to activate
AMPK activator), has already been shown to enhance T-cell
function by altering the PD-L1/PD-1 axis.[43] In agreement with
the findings reported in this study, it seems that the levels of PD-
1 expression are elevated onT-cells of patients with T2D. This is
especially true since the activation of PD-1 signaling in cultured
T-cells from healthy donors altered energy seems metabolic
pathways by inhibiting the uptake and utilization of glucose
while promoting fatty acid b-oxidation as a source of ATP.[44]

Thus, providing further evidence that tight regulation of T-cell
function is necessary for optimal glucose metabolism. There-
fore, in addition to the well-described chronic antigen
stimulation and inflammation in T-cell exhaustion,[7] increased
expression of PD-1 and loss of effector function is also
influenced by cellular glucose metabolism. As a result, this
evidence highlights the need to target PD-1 signaling pathway as
a therapeutic mechanism to improve metabolic functions in
conditions of metabolic stress.
ignaling and its modulatory effects on T-cell function. In brief, chronic immune
nd T-cell exhaustion, which is likely to be mediated by the upregulation of
xpression of PD-1 can alter glucose metabolism by inhibiting the actions of
that PD-1 expression promotes T-cell proliferation and survival but inhibit their
ignal transducers and activators of transcription (JAK/STAT) and nuclear factor
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Chronic inflammation is implicated in the development of
CVD in patients livingwith T2D.[18] In that context, patients with
T2D are at a 2- to 4-fold risk of developing CVDwhen compared
with healthy controls.[45] Interestingly, increased levels of CRP, a
sensitive systemic marker of inflammation has been associated
with increased risk of developing CVDs in patients with T2D.[46]

The evidence synthesized in this study demonstrated increased
levels of CRP in patients with T2D[9,29] which was associated
with increased expression of PD-1.[9] Moreover, the upregulation
of PD-1 on T-cells was consistent with the development of
atherosclerotic macrovascular diseases.[18] The use of immune
checkpoint inhibitors which block co-stimulatory signaling
pathway are known to be effective in rejuvenating T-cell effector
function in chronic infections and tumor environments.[47]

However, this consequence has been correlated with the new-
onset of impaired glucose homeostasis.[48] Therefore, the use of
immune checkpoint inhibitors in T2D as a treatment strategy
may have a double-edged sword effect whereby it improves T-cell
mediated immune responses but further impairing glucose
control, as reported elsewhere.[49] This emphasizes the need to
find a fine balance between improving T-cell function while
enhancing glucose metabolism when targeting PD-1 signaling as
a therapeutic strategy in T2D patients. The overall impact of PD-
1 signaling on T-cell function is illustrated in Fig. 3.
Overall, this systematic review and meta-analysis had a few

limitations. Firstly, the number of included studies was low as
well as the quality of evidence due to their cross-sectional nature.
Secondly, there was substantial amount of unexplained statistical
heterogeneity in this study. Lastly, the level of T-cell exhaustion is
influenced by the duration of exposure to chronic inflammation,
of which themajority of included studies did not report on disease
duration. Nevertheless, our study has a unique strength in that to
our knowledge, it is the first systematic review and meta-analysis
to assess T-cell exhaustion in T2D. Moreover, the methodologies
employed in this study were robust as indicated by high levels of
inter-rater agreements. Results from sensitivity analysis indicated
that the reported pooled effect sizes were not influenced by a
single study, thus making the findings reported herein robust.
Lastly, the current findings are important as they pave way for
future therapeutic strategies to explore the use of immune
checkpoint inhibitors in order to resuscitate immune responses
mediated by T-cells. This will thus potentially correct the immune
dysfunction observed in T2D patients.

5. Conclusion

Low-grade inflammation in conditions of impaired glucose
tolerance is associated with chronic immune activation and
dysfunction, which collectively increases the risk of developing
diabetes-associated cardiovascular complications. The evidence
synthesised here suggests that immune dysfunction observed in
T2D is in part due to T-cell exhaustion mediated by increased
expression of PD-1. Therefore, the use of immune checkpoint
inhibitors in rejuvenating the immune response in these patients
may be an effective therapeutic strategy.
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