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A B S T R A C T

The recent pandemic of COVID-19 has made abundantly clear that Type 2 diabetes (T2D)

increases the risk of more frequent and more severe viral infections. At the same time,

pro-inflammatory cytokines of an anti-viral Type-I profile promote insulin resistance and

form a risk factor for development of T2D. What this illustrates is that there is a reciprocal,

detrimental interaction between the immune and endocrine system in the context of T2D.

Why these two systems would interact at all long remained unclear. Recent findings indi-

cate that transient changes in systemic metabolism are induced by the immune system as

a strategy against viral infection. In people with T2D, this system fails, thereby negatively

impacting the antiviral immune response. In addition, immune-mediated changes in sys-

temic metabolism upon infection may aggravate glycemic control in T2D. In this review, we

will discuss recent literature that sheds more light on how T2D impairs immune responses

to viral infection and how virus-induced activation of the immune system increases risk of

development of T2D.
� 2020 Elsevier B.V. All rights reserved.
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1. Introduction
In the clinics, immunological dysfunction is seldom recog-

nized as a major comorbidity of Type 2 diabetes (T2D). Until

recently, people in developed countries rarely encountered

dangerous pathogens. As a result, increased susceptibility to

infection was typically only experienced as a cause of minor

inconveniences such as recurrent urinary tract infection [1].

However, as the recent outbreak of the COVID-19 pandemic

has shown, people with diabetes (both type 1 and 2) have

increased risk of severe complications upon infection with

lethal pathogens such as SARS-CoV-2 [2,3]. Moreover, even

before the corona pandemic, reduced immune cell function

on top of microvascular pathology was well known to exacer-

bate dangerous complications such as persistent foot ulcers

that can lead to gangrene. This observation indicates that dia-

betes increases susceptibility to a broad range of pathogens

and negatively impacts the duration, morbidity and mortality

associated with infectious disease. Indeed, people with dia-

betes are more frequently infected with cytomegalovirus [4]

and suffer more often from surgical site infections [1]. Clearly,

when the immune system is challenged, its dysfunction in

T2D progresses from aminor inconvenience to a major health

risk and merits our attention as health care professionals.

A key question that arises from these observations is why

impaired blood glucose regulation would reduce the ability of

the immune system to fight infection. The metabolism of

immune cells, especially after their activation, is predomi-

nantly regulated through cytokines and was therefore long

thought to be impervious to endocrine control [5]. However,

recent insights indicate that changes in systemic metabolism

are actively induced by the immune system as a defence

mechanism against viral infection [6]. Deregulation of this

system in the context of diabetes is therefore thought to be

an important underlying cause of increased susceptibility to

viruses [7,8]. Conversely, immune-mediated changes in sys-

temic metabolism appear to be an important underlying
cause of insulin resistance (IR) in patients with metabolic dis-

ease [9]. Notably, infection and inflammation appear to pre-

dispose people to the development of Type 2 diabetes [7]

especially in people with pre-existing metabolic dysfunction,

such as in patients with pre-diabetes. Recently, some of the

underlying molecular mechanisms of these processes have

been revealed and provide important new targets for future

anti-diabetic therapies.

In this review we will revisit recent literature on immune-

endocrine interactions in the context of viral infection. We

will explore several ways in which the endocrine system reg-

ulates immune cell function under healthy conditions and in

the context of metabolic disease. In addition, we will discuss

how the activated immune system contributes to the devel-

opment of T2D. Whereas many aspects that we will discuss

here are also relevant for Type 1 diabetes, a focus will be on

T2D. Diabetes in context of COVID-19 is discussed as a sepa-

rate section below.

2. Diabetes as a risk factor for infection

2.1. Epidemiology of diabetes and infection

Patients with T2D are well known to be more prone to infec-

tion. In fact, a number of infectious diseases, such as emphy-

sematous pyelonephritis, malignant otitis externa,

mucormycosis and Fournier’s gangrene [10] are pathog-

nomonic of T2D. However, in addition to these rare condi-

tions, patients with T2D also acquire common infections

more frequently. A landmark prospective study from primary

care institutions followed up 6.712 T2D patients and 18,911

controls for one year and investigated susceptibility to infec-

tion [1]. The authors showed that T2D patients had a higher

risk of lower respiratory tract infections (odds ratio (OR) of

1.3, confidence interval (CI) 95% 1.11–1.52) urinary tract infec-
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tions (OR 1.21, 95% CI 1.07–1.38), bacterial infections of skin

and mucosa (OR 1.32, 95%CI 1.13–1.55) and fungal infection

(OR 1.41, 95% CI 1.24–1.61). In 2011, a meta-study of 97

prospective cohort studies was published in which 123.205

cause-specific deaths were reported among 820.900 people

[11]. This revealed that T2D is associated with a significant

increase of infection-related death when pneumonia was

excluded (Relative Risk (RR) of 2.39, CI 95% of 1.95–2.93) and

also of pneumonia itself (RR 1.8, CI 95% of 1.71–1.9). Impor-

tantly, T2D is not only associated with susceptibility to infec-

tion, but also with the course and duration of these diseases

and with an increased risk of complications. A study compar-

ing bloodstream infections of 71 patients with and 252

patients without diabetes patients showed that the former

group had a longer stay at intensive care (RR 7.1, 95% CI of

2–25), longer mechanical ventilation (RR 8.4, 95% CI 1.2–57)

and higher chance of renal or hepatic failure (RR 8.2, 95% CI

of 1.6–43) [12]. Similar observations were made for a broad

range of other infectious diseases [13]. For example, a system-

atic review of 13 observational studies showed that people

with T2D have an RR of 3.11 (CI 2.27–4.26) to develop tubercu-

losis compared to healthy controls [14].

Due to the sensitivity of patients with diabetes to infec-

tion, the guidelines for their medical care prescribe vaccina-

tion of T2D patients for influenza, pneumonia and hepatitis

B in addition to routine age-related recommendations for vac-

cination [15]. When the new vaccines for COVID-19 are

released it would therefore be recommended to prioritize

inoculation of patients with diabetes.

2.2. Normal endocrine control of immune cell function

To better understand how diabetes affects the immune sys-

tem, it is important to grasp how the endocrine system regu-

lates immune cell functionality under healthy conditions.

The immune system puts a major drain on systemic

resources and can use up to 30% of all the body‘s nutrients

in circulation upon infection [16,17]. Whereas the metabolism

of immune cells is mostly regulated by cytokines, they are not

exempt from endocrine control. Notably, many hormone

receptors share intracellular signaling components with

those of immune receptors, indicating an overlap in function.

Of major importance for endocrine control of immune cells

are the hormones leptin and adiponectin produced by adipose

tissue. Leptin secretion positively correlates with adipose fat

content and it provides the body with signals that suppress

satiety and increase energy expenditure [18]. In addition, lep-

tin plays a role in regulation of blood glucose levels in concert

with insulin as it lowers glycemia, insulinemia and insulin

resistance [19]. Injection of leptin in streptozotocin (STZ) trea-

ted, hyperglycemic rats and mice was shown to lower blood

glucose levels independently of food intake [20,21]. In

humans, leptin levels positively correlate with IR indepen-

dently of BMI and patients with T2D often have high levels

of leptin in addition to hyperinsulinemia [19]. Moreover, peo-

ple with T2D also display leptin resistance [22]. Unfortunately,

leptin administration is not an effective treatment for T2D

[22]. The receptor of leptin is expressed on many cells, includ-

ing those of the immune system. The leptin receptor signals

over the intracellular signaling molecules Jak2 and STAT3,
which are also used by the receptor for the pro-

inflammatory cytokine IL-6 [23]. Leptin therefore promotes

immune cell activation and proliferation. Studies in rodents

show that intravenous administration of leptin promotes

the increase of granulocytes, monocytes and NK cells in circu-

lation [24]. Stimulation of human dendritic cells with leptin

leads to an increase in their production of cytokines, includ-

ing IL-1, IL-6, IL-12 and TNF [25]. Deficiency of leptin or its

receptor results in a strong decrease of T cells, NK cells and

dendritic cells in the blood [26] and increases susceptibility

of animals to infection with Influenza A [25,27]. Leptin

appears to mediate these effects by stimulating immune cell

metabolism. Indeed, Leptin was recently shown to revitalize

tumor-infiltrating CD8 T cells by reversing metabolic dor-

mancy of these cells [28].

During starvation, when adipose triglyceride stores are

low, fat cells produce more adiponectin to signal nutrient

scarcity. Adiponectin shares some functional properties with

insulin, as it promotes glucose uptake and impairs hepatic

gluconeogenesis. In immune cells, adiponectin inhibits acti-

vation of NF-jB and promotes production of the anti-

inflammatory mediators IL-10 and IL-1Ra by macrophages.

High levels of adiponectin therefore reduce immune cell

responsiveness [29]. Human T cells stimulatedwith adiponec-

tin were shown to have reduced antigen-specific expansion

[30]. Animals deficient for this adipokine showed increased

T cell activation upon infection with Coxsackie virus [30]. In

the immune system, adiponectin therefore functions as an

anti-inflammatory cytokine which lowers its energy

expenditure.

Recently, insulin itself was identified as a molecule that

can directly regulate immune cell function, most notably of

T cells. Both CD4 and CD8 T cells express the insulin receptor

on their cell surface upon activation [7,31]. Insulin was shown

to increase glucose uptake and promote glycolytic metabo-

lism. Importantly, acute loss of insulin production impairs

CD8 T cell responses to infection, whereas injection of basal

insulin increases their anti-viral potential [7,31]. The insulin

receptor shares its downstream signaling components with

CD28, a key co-stimulatory molecule essential for T cell acti-

vation, as these pathways both converge on PI3 kinase. These

receptors therefore also have functional overlap, such as the

induction of glucose transporters on the cell membrane [32].

Not surprisingly, loss of insulin receptor expression on T cells

impairs proliferation and cytokine production of anti-viral T

cells [7].

In summary, key endocrine hormones involved in the reg-

ulation of metabolism also impact immune cell numbers and

function, even in absence of overt infection.

2.3. Molecular basis of anti-viral immune dysfunctions in
T2D

Several factors play a role in impaired anti-viral immune cell

function in the context of T2D, but hyperglycemia appears to

be one of the key mediators. The level of glycated haemoglo-

bin (HbA1c) was shown to positively correlate with the dura-

tion and severity of infection with several pathogens. A large

retrospective case-control study including > 34.000 patients

with pneumonia and > 342.000 controls over an 8-year period
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revealed a relative risk of 1.23 (CI 1.19–1.28) for patients with

T2D. Importantly, the risk was significantly higher for

patients with T2D with an HbA1c > 9% (RR 1.60, CI 1.44–1.76)

compared to those with HbA1c < 7% (RR 1.22, CI 1.14–1.30)

[33]. A similar study recruited 4.748 patients with Type 1 dia-

betes (T1D) and 12.954 controls. People were divided based on

five categories of glycemic control (HbA1c < 7%, 7–7.9%, 8–

8.9%, 9–9.9% and > 10%), with a follow-up of 14 years. Also

in this study, incidence of infection was significantly higher

in patents with T1D compared to controls and the frequency

of infection positively correlated with the percentage of

HbA1c in the blood [34]. Increased blood glucose levels were

shown to impair immune cell function in humans and mice.

Hyperglycemia in mice induced by injection of STZ, a model

for insulin dependent diabetes, caused a decreased ability of

macrophages to be activated in response to infection with

Mycobacterium tuberculosis (TB). This impaired recruitment of

neutrophils, reduced DC activation and lowered cytokine pro-

duction by these cells [35]. An increase in blood glucose levels

was associated with impaired cytotoxicity and cytokine pro-

duction of CD4 and CD8 T cells and NK cells in patients with

T2D following infection with TB [36]. Importantly, T2D has a

profound, negative impact on innate immune cell function.

For example, granulocytes isolated from patients with T2D

were shown to undergo NET-mediated apoptosis, thus impair-

ing wound healing [37,38]. In addition, production of pro-

inflammatory cytokines such as IL-2 and IL-6 was shown to

be impaired in peripheral blood mononuclear cells stimulated

under hyperglycemic conditions [39]. Finally, hyperglycemia

was shown to be of direct benefit for replication of several

pathogens [40,41], which further impedes the ability of the

immune system to fight infection under these conditions.

Whereas much is known about which immunological pro-

cesses are affected by hyperglycemia, how it induces these on

amolecular level is much less clear. In immune cells, metabo-

lism and function are tightly linked. In resting state, immune

cells predominantly use oxidative phosphorylation to fulfil

their energetic needs. Upon activation, especially CD8 T cells

and pro-inflammatory M1 macrophages switch their metabo-

lism to glycolytic metabolism for production of ATP and to

shuttle metabolites into the penta-phosphate pathway [5]. If

proper metabolic control of immune cells is impaired, this

has a major impact on their functionality. For example, CD8

T cells that fail to increase glycolytic metabolism cannot form

a proper effector response [42,43]. Whereas memory cell for-

mation is strongly reduced when these cells cannot activate

oxygen-dependent metabolism [44]. One mechanism via

which hyperglycemia impairs normal immune cell function

is therefore by deregulating immuno-metabolism [45].

Apart from glucose, T2D also causes a shift in the home-

ostasis of many other carbon-based metabolites which are

involved in the defence against infection. We all know that

if we become sick, we lose appetite and reduce nutrient

intake. This is not a pathology, but a carefully regulated pro-

cess orchestrated by the immune system. As a result, our

body switches to a state of ‘fasting‘ metabolism which

increases the use of fatty acids and ketone bodies as sources

of nutrients. Many pathogens favor glucose metabolism to

fulfil metabolic needs [46]. For example, cytomegalovirus

was shown to actively induce glycolytic metabolism in host
cells to promote its replication, which was strongly impaired

if glucose uptake was prevented in cells [46,47]. SARS-CoV-2

replication is enhanced in the presence of high levels of glu-

cose [48]. Except for key organs such as the brain, most tissues

can operate normally at relatively low levels of glucose, which

includes the immune system. Even though the immune sys-

tem uses a high amount of glucose to function, immune cells

strongly upregulate glucose transporters upon activation. As

a result, CD8 T cells are fully functional at glucose concentra-

tions as low as 0.5 mM [49]. However, as T2D is defined by a

state of hyperglycemia even under fasting conditions, this

strategy to starve pathogens of glucose fails. In addition, fast-

ing metabolism was recently shown to prime non-immune

cells to activate their innate cellular mechanisms against

infection. All nucleated cells are able to produce type I inter-

ferons upon infection. This alarm signal potently recruits

immune cells to the site of infection. Inborn errors of type-I

interferons in humans are therefore typically associated with

lethal infections at a very young age [50]. An important reason

why SARS-CoV-2 leads to severe pathology in relatively many

patients is because it causes a delay in IFN-I production [51].

In response to feeding, most glucose is taken up into muscle

and rapidly returned in the form of lactate [52]. Fasting is

therefore associated with a reduction in systemic lactate

levels. Recently, lactate was shown to impair IFN-I production

in response to infection by inhibiting RIG-I proteins which

sense viral infection. In addition to hyperglycemia, patients

with T2D also have higher lactate levels in the blood [53,54].

As a result, the innate ability of cells to recruit immune cells

following viral infection is reduced.

In addition to blood nutrient levels, hormonal disbalance

appears to be an underlying cause of immune cell dysfunc-

tion in context of diabetes. People with T2D typically have

high levels of insulin and leptin in their blood compared to

people without this disease, especially early after diagnosis

[55,56]. Considering the immuno-stimulatory role of these

hormones, this would suggest that people with diabetes have

enhanced immune cell responsiveness. However, the effec-

tiveness of the immune system depends on its ability to opti-

mize its response to a given pathogen. A specific pathogen

causes activation of a particular transcriptional profile in

key innate immune cells such as dendritic cells, which are

responsible for proper activation of T cells. For example, res-

piratory syncytial virus (RSV) is associated with high levels of

IFN-I and –III, whereas SARS-CoV-2 leads to higher expression

of IL-6 [57]. T2D skews dendritic cell differentiation, leading to

reduced expression of costimulatory molecules CD80 and

CD86 [58], whilst promoting development of plasmacytoid

dendritic cells that produce type-I interferons [59]. Various

studies have shown that hormonal aberrations may cause a

Th1/Th2 imbalance, which impairs the immune response

against viruses such as RSV and cytomegalovirus [60,61].

The immuno-stimulatory effect of insulin and leptin in T2D

is therefore not beneficial for the patient, because it results

in aberrant skewing and therefore reduced efficiency of the

immune response.

Changes in the cytokine environment of patients with T2D

are also the result of alterations in the interaction between

organs involved in maintenance of metabolic homeostasis

and its tissue-resident immune cells. People with T2D tend
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to have increased amounts of pro-inflammatory cytokines in

circulation [62], indicative of chronic low-grade infection. This

inflammation is thought to originate in visceral adipose tis-

sue. In obesity, adipocytes experience cellular stress because

of excessive fat accumulation. Metabolic stress is detected

by cells from the innate immune system, such as NK cells,

which perceive it as a viral infection and excrete pro-

inflammatory cytokines, most notably IFNc [63]. This, in turn,

polarizes macrophages from an anti-inflammatory M2 to a

pro-inflammatory M1 phenotype [64]. Activated adipose tis-

sue macrophages promote local inflammation and further

recruitment of immune cells, leading to the chronic leakage

of cytokines in circulation. T2D was therefore shown to exac-

erbate cytokine-induced pathology in response to infection

with Influenza and Sars-Cov-2 [65,66]. Moreover, the pro-

inflammatory environment in patients with T2D is associated

with abnormal clot formation and hypercoagulation, which is

an important underlying cause of increased mortality in

COVID-19 [67,68].

Finally, pathological changes in microvasculature are a

hallmark of diabetes and disrupt normal organ function in

organs heavily dependent on their microcirculation, such as

the kidneys, retina and peripheral nervous system. In addi-

tion, changes in the microvasculature negatively impact the

ability of people with diabetes to mediate immune responses

to lesions in skin, resulting in chronic infection, ulcers and

poor wound healing. Diabetic foot ulcers are therefore a com-

mon complication of diabetes, and this condition may pro-

gress to development of gangrene which requires

amputation of the affected limb. However, microvascular

complications of T2D are of importance for many types of

infection, including viral [69]. A detailed description of how

damaged microvasculature affects immune responses in

T2D reaches beyond the scope of this review, but has been

excellently discussed elsewhere [69].

2.4. Conclusion

Normal protection against infection is mediated by special-

ized immune cells, but also by innate abilities of tissues to
Fig. 1 – Negative impacts of T2D on imm
provide barriers against pathogens and to signal their infec-

tion to the immune system. Diabetes impairs the ability to

properly respond to infection at almost all these levels of con-

trol (Fig. 1).

3. Infection as a risk factor for diabetes

3.1. Epidemiology of infection and diabetes

Communication between the endocrine and immune systems

is not unidirectional. In response to pathogens such as Influ-

enza A or SARS-CoV-2, we become weak, stop eating, get a

temperature and generally feel miserable. This is because

the immune system changes normal endocrine regulation

of key metabolic processes in our body. Recent data indicates

that the physiological changes in metabolism in response to

infection may be a trigger for permanent deregulation of

blood glucose levels. Many diabetologists will have anecdotal

evidence that newly diagnosed patients with T2D had experi-

enced infection in their recent history. In fact, international

guidelines recommend screening for infection in newly diag-

nosed patients, especially if blood glucose levels are very high

[70]. Infection was recognized as a cause for increased insulin

resistance almost 80 years ago [71]. However, population stud-

ies to support this hypothesis have only recently started to

emerge.

Because T2D negatively impacts the immune response, it

is difficult to determine whether a higher prevalence of infec-

tion in patients with T2D is the cause or the result of this dis-

ease. Nevertheless, ample evidence is available that infection

negatively impacts systemic insulin sensitivity. Infection with

viruses such as Influenza A, cytomegalovirus and herpes sim-

plex were all shown to reduce systemic insulin sensitivity

[7,72]. Hyperinsulinemic, euglycemic clamping in patients

with a number of respiratory and gastrointestinal infections

revealed that insulin resistance was increased in patients,

sometimes for more than three months after infection [7,73].

Whether infection is a risk factor for development of T2D

is mostly shown for chronic viruses. A population-based

matched case-control cohort study in Korea selected 576
unological control of viral infection.
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patients infected with cytomegalovirus (CMV), but without

T2D and 2.880 matched controls without either condition

and followed them for 5 years for development of new onset

T2D [61]. The authors showed that the case group had a much

higher frequency of new-onset T2D (5.6% vs. 2.2% p < 0.001).

Importantly, subgroup analysis revealed that patients with

refractory disease had a significantly higher incidence rate

(OR 4.01 95% CI 1.76–7.69) than people with non-refractory

disease (OR 1.77 95% CI 1.07–2.82) or with non-infected con-

trols (reference population). In addition to CMV, chronic hep-

atitis C virus was shown to increase the prevalence of T2D, as

well as many hepatic manifestations of metabolic syndrome,

such as dyslipidemia, non-alcoholic fatty liver disease and

hepatocellular carcinoma [74–76]. Whether acute viruses are

also a risk factor for development of T2D remains to be estab-

lished, though a recent global initiative has started to deter-

mine this for COVID-19 [77].

In summary, many infections are able to induce insulin

resistance at least transiently, but whether all are a risk factor

for development of T2D still requires confirmation.

3.2. Inflammation and diabetes

Whereas the link between infection and diabetes is relatively

new, the impact of inflammation on insulin resistance is well

explored. Almost 30 years ago it was discovered in preclinical

models of diabetes that if animals were deficient for the cyto-

kine TNF they did not develop insulin resistance [78]. Since,

many cytokines were shown to have a negative impact on

systemic insulin sensitivity, including IL-1b, IFNc and IL-6

[63,79]. People with T2D were shown to have a chronic pres-

ence of pro-inflammatory cytokines in their circulation,

indicative of low-grade inflammation [9]. Neutralization of

pro-inflammatory cytokines such as TNF, IL-1b and IL-6 using

monoclonal antibody treatment was shown to improve insu-

lin sensitivity in patients with T2D [80–82]. Notably, patients

with T2D have a type-I cytokine profile, which is typically

associated with viral infection. The requirement of a specific

cytokine environment is also likely the reason that the preva-

lence of T2D is higher in some inflammatory diseases, such as

psoriasis, ulcerative colitis and vasculitis, but not in others

such as Crohn’s disease [83].

Pro-inflammatory cytokines mediate insulin resistance at

multiple levels. As mentioned, various hormones and cytoki-

nes converge on the same signaling cascades, indicating that

there is also significant overlap in the molecular mechanisms

that are responsible for subsequent shutting down of signal-

ing. For example, IL-6 activates Suppressor of Cytokine Sig-

naling 3 (SOCS3), which is a member of the SOCS family of

proteins. SOCS proteins physically bind the intracellular part

of activated cytokine and hormone receptors, thus blocking

their ability to trigger downstream signaling. This prevents

their hyper-stimulation. In addition, SOCS-1 and -3 target

the insulin signal transducers IRS1 and IRS2 for ubiquitin-

mediated degradation and therefore reduce insulin sensitiv-

ity. Cytokines also target other parts of insulin signaling. On

myocytes, IFNc produced by NK cells in response to viral

infection was shown to inhibit expression of the insulin

receptor, thus reducing insulin sensitivity [7]. TNF inhibits

insulin-stimulated tyrosine phosphorylation of both the insu-
lin receptor and IRS-1 [84]. IL-1b causes transcriptional down-

regulation of IRS-1 [85].

The source of chronic systemic inflammation in the con-

text of T2D long remained elusive but was traced back to vis-

ceral adipose tissue (VAT). It is well known that accumulation

of subcutaneous fat (the ‘pear shaped’ phenotype) provides a

lower risk of developing metabolic disease than an increase of

abdominal fat (the ‘apple shaped’ phenotype) [86]. Obese VAT

accumulates large numbers of pro-inflammatory immune

cells, mostly with an anti-viral Type-I phenotype [87]. As vis-

ceral adipocytes accumulate fat and become hypertrophic,

they upregulate markers of cellular stress, which mimics a

situation induced by viral infection. This form of cellular

stress is detected by local, tissue resident NK cells. Activated

NK cells produce IFNc, which polarizes macrophages from an

anti-inflammatory M2, to a pro-inflammatory M1 phenotype

[63]. These, in turn, produce large amounts of TNF and IL-

1b, which activates and recruits more immune cells, such as

CD8 T cells and Th1 CD4 T cells [79]. The cytokines generated

in this inflammatory environment leak into circulation and

contribute to development of systemic insulin resistance.

Bariatric surgery, i.e. removal of visceral adipose tissue in

obese people, therefore improves systemic insulin sensitivity

[63,88].

In summary, an anti-viral Type-I inflammatory environ-

ment promotes the development of insulin resistance. In

many organs but most notably in adipose tissue this environ-

ment is generated in response to obesity.

3.3. Infection and diabetes

The fact that systemic insulin sensitivity is actively induced

by cytokines indicates that IR has an important physiological

function in context of infection. However, the physiological

benefit of this system has long remained unclear. An impor-

tant observation is that in absence of metabolic dysfunction,

infection does not typically result in a change of either fasting

or postprandial blood glucose levels, because IR is compen-

sated by increased insulin output from the pancreas

[7,72,89]. Hyperinsulinemia therefore appears to be the prime

reason of infection-induced IR. Immune cells, most notably

activated T cells, express the insulin receptor on their cell sur-

face [7,31]. Stimulation of the insulin receptor on T cells acti-

vates the PI3 kinase signalling pathway, which is also

downstream of CD28, a co-stimulatory molecule that is

essential for T cell activation. In T cells, CD28 and insulin

receptor signalling appear to have overlapping functions in

their ability to induce glucose uptake, mediate survival and

promote cytokine production [32]. Indeed, mice lacking the

ability to produce insulin have a significant reduction in the

number of virus-specific CD8 T cells after viral infection [7].

Interferon gamma appears to play a key role in the induc-

tion of IR following infection. Viral infection stimulates IFNc

production by NK cells in skeletal muscle. IFNc induces tran-

scriptional downregulation of the insulin receptor on myo-

cytes, but not hepatocytes, resulting in systemic IR.

Deficiency of IFNc or loss of the IFNc receptor on myocytes

results in a significantly impaired CD8 T cell response follow-

ing viral infection [7]. Whereas insulin resistance in response

to infection was transient in lean mice, it persisted in animals
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with pre-existing hepatic IR because of diet-induced obesity.

Importantly, infection resulted in a permanent loss of blood

glucose regulation in these animals [7]. People with pre-

diabetes typically display a gradual increase of fasting blood

glucose levels over time, which can continue for years or dec-

ades. However, development of T2D is typically associated

with a strong ‘jump‘ in insulin resistance, which pushes blood

glucose levels over diabetes threshold values [90]. It appears

likely that infection is responsible for induction of this rapid

increase in IR, at least in some patients.

In addition to regulating systemic insulin sensitivity, pan-

creatic insulin production is also affected by viral infection.

Indeed, various viruses have been associated with induction

of T1D and destruction of pancreatic beta cells [91]. Recently,

expression of ACE2, the receptor through which SARS-CoV-2

enters cells was identified in the human pancreas and virally

induced pancreatitis was suggested to have a negative influ-

ence on normal blood glucose regulation in patients with

COVID-19 [92,93]. However, glucose sensing and subsequent

insulin production are also affected by cytokines produced

in response to viral infection. Pancreatic b cells express the

receptor for IL-1b and this cytokine was shown to promote

postprandial insulin secretion [94]. Infection causes a dra-

matic increase of IL-1b levels in circulation. Whether IL-1b

signalling in pancreatic b cells contributes to the increase of

insulin in circulation following viral infection remains to be

confirmed.

In summary, viral infection increases systemic insulin

resistance and promotes insulin production because of a

physiological process orchestrated by the immune system

that aims to increase our defences against invading patho-

gens. This system derails in the context of pre-existing meta-

bolic dysfunction and therefore contributes to the formation

of T2D.

4. Diabetes and COVID-19

Currently of very high interest is the susceptibility of people

with T2DM for the SARS-CoV-2 virus and the impact of this

pathogen on control of blood glucose levels. SARS-CoV-2,

which causes COVID-19 was first identified in China in the

city of Wuhan in late 2019. It is a highly infectious coronavirus

that enters through the airways and from there may spread to

other organs, such as the hart, liver and kidney. COVID-19 has

a relatively high mortality rate, with an estimated 0.5–1% of

patients succumbing to the disease [95]. Patients who develop

severe COVID-19 have a delayed IFN-I response [51], which

results in rapid spread of the disease and a subsequent cyto-

kine storm, which is associated with hypercoagulation, severe

lung edema and neural complications [96,97].

Initial analysis of patients in Wuhan suggested that T2D is

associated with a higher risk of developing severe pneumo-

nia, excessive inflammation and hyper-coagulation upon

infection with SARS-CoV-2 [2,98,99]. Indeed, retrospective

studies from this patient group indicate that poor glycemic

control is associated with increased morbidity and mortality

of COVID-19 [100]. However, the severity of COVID-19 closely

correlates with the age of patients, which is typically also

the case for T2D. Initially it was therefore unclear whether
T2D was a risk factor beyond age alone. However, follow-up

cohort studies in the UK and Italy and various retrospective

and meta-analysis studies (summarized in [101]) confirmed

that T2D does pose a risk for development of more severe dis-

ease and increased mortality following infection with SARS-

CoV-2 [98,102–104]. Interestingly, a recent multicenter obser-

vational study in France amongst both T1D and T2D patients

with tracheal intubation and/or death within 7 days after hos-

pital admission as a primary outcome indicated that BMI, but

not HbA1c were positively associated in these patient groups

[105]. This is in contrast with earlier findings that level of gly-

cemic control is associated with a higher mortality rate [100].

However, it should be noted that the latter study compared

patients suffering from very poor glycemic control (glycemic

variability exceeding 10.0 mmol/L) with well controlled

patients. This may explain why this correlation is not

observed within the entire diabetic population.

The underlying molecular mechanism how T2D leads to

more severe COVID-19 is currently unclear. One study indi-

cates the involvement of alveolar macrophages [48]. Macro-

phages increase their glycolytic rate upon activation

through a mechanism that involves the transcription factor

HIF-1a. SARS-CoV-2 can infect macrophages and benefit from

the increased glycolytic rate in these cells. The presence of a

hyperglycemic state in patients with T2D was suggested to

further facilitate viral replication in these cells and promote

disease progression [48]. However, since immune cells highly

upregulate glucose transporters upon activation, glucose

availability is typically not rate-limiting for their level of

metabolism [49]. Additional mechanismsmust therefore exist

that promote COVID-19 disease severity in the context of T2D.

Conversely, COVID-19 is also associated with reduced gly-

cemic control. Initial studies showed that of 24 patients with

T2D hospitalized because of COVID-19, all patients using

insulin therapy required to increase their dose, and 9 out of

17 patients using only oral anti-diabetic drugs before infec-

tion were started on insulin after infection [2]. This initial

finding was confirmed by other studies, which showed that

patients with severe COVID-19 needed intensive insulin treat-

ment to control blood glucose levels, with some patients

requiring > 200 IU per day [106,107]. The severity of hyper-

glycemia was associated with the intensity of the cytokine

storm [107], which is a clear indication that immunological

triggers are responsible for the changes in blood glucose reg-

ulation in the context of severe disease. The underlying

molecular mechanisms of this observation are still unclear.

In case of critically ill patients, mechanisms of stress hyper-

glycemia, such as a cortisol-mediated increase of gluconeoge-

nesis, are likely to be activated [8]. Interestingly, an analysis of

metabolites in the serum of patients with COVID-19 indicated

that blood glucose levels are actually lower in patients with

mild disease compared to uninfected control [93]. This may

be associated to the physiological mechanism of hyper-

insulinemic hypoglycemia that is observed in context of cer-

tain infections [108–110]. It will therefore be interesting to

see whether insulin levels in convalescent COVID-19 patients

are lower than in patients with acute disease, similar to influ-

enza infection [7].

In summary, COVID-19 illustrates the interaction between

the immune and endocrine systems in the context of
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infection and the risk that deregulation of this interplay

causes for people with metabolic syndrome. Further research

into the immunological complications of T2D is therefore

prudent.

5. Immune-endocrine interactions as a
therapeutic target

5.1. Targeting immune-endocrine interactions to reduce IR

Various therapeutic interventions are in development that

target the antiviral arm of the immune system to improve

systemic insulin sensitivity. A small-scale 13-week study in

which patients with T2D received an interleukin-1 receptor

antagonist caused a significant decrease in HbA1c levels and

a reduction in the ratio of pro-insulin to insulin [111]. A 39-

week follow up trial confirmed the sustained effects of treat-

ment [112]. Unfortunately, analysis of the potential complica-

tions of prolonged IL-1 inhibition indicated an increased risk

of cardiovascular events [113], making this an unattractive

therapy for many patients with T2D. Retrospective studies

that questioned whether neutralizing antibodies against

TNF improve systemic insulin sensitivity suggest a beneficial

effect, but to date no prospective studies have been done, nor

have cardiovascular risk studies been established [114].

From a practical perspective, it is unlikely that monoclonal

antibody treatment will become a feasible solution for

patients with T2D. Studies looking at the effectiveness of such

therapies typically do this in patients who receive antibody

treatment for other, more directly life-threatening conditions

[114]. In addition, it is questionable whether therapies target-

ing individual cytokines are effective in the long run. Patho-

gens such as CMV, but also SARS-CoV-2 often develop

strategies to avoid specific immune responses. As a result,

the immune system is designed to be fully functional even

when some of its key components are neutralized by a patho-

gen [115]. Especially in a complex, multi-organ disease such

as T2D, it is therefore very difficult to inhibit the detrimental

effects of the immune system at large by targeting a single

molecule.

How then to exploit our knowledge on immune-endocrine

interactions to reduce insulin resistance? It is important to

realize that the immune response is a cascade. This cascade

starts with the detection of a threat by non-immune cells

which activate a small number of tissue-resident innate

immune cells. These, in turn, recruit and activatemore potent

immune cells from circulation such as macrophages, which

themselves recruit a second wave of immune cells, like CD8

T cells [79]. Inhibition of an immune response is therefore

most effective if you target inflammation upstream in the

cascade. Corticosteroids do this, but because of their broad

metabolic side effects are a poor choice of therapy in T2D. Pre-

viously, we have shown in mouse models that blocking the

interaction between VAT-resident NK cells and metabolically

stressed adipocytes is an effective way to prevent immune

activation in the context of obesity and this prevented devel-

opment of T2D in mice [63]. Therapies that prevent upstream

signals of immune activation are therefore a promising target

for future anti-diabetic therapies.
5.2. Enhancing immunity in patients with T2DM

Anti-diabetic treatment does appear to reduce the risk of

infection in patients with T2D. Following infection, the sever-

ity of disease negatively correlates with the level of glycemic

control [33,116,117]. Patients with T2D with well controlled

blood glucose levels had a significantly lower chance of death

than poorly controlled patients following infection with

SARS-CoV-2 [100]. In addition, in a cohort study based on a

health screening program in Taiwan including 118.645 people

with a median follow-up of 8.1 years, it was shown that the

level of fasting plasma glucose positively correlated with both

the incidence of infection and the risk of infection-associated

mortality [118].

Not all anti-diabetic drugs are equal in their ability to

reduce the risk of infection in patients with T2D. Whereas

insulin has the biggest impact on lowering of blood glucose

levels, a large patient-based cohort study of 131.949 patients

with T2D in Denmark with a seven year follow up indicated

that insulin therapy significantly increased the risk of

hospital-treated infection (adjusted hazard ration (HR) or

1.96, 95% CI 1.87–2.07) compared to metformin [119]. Simi-

larly, patients who initiated treatment with sulfonylurea

had increased risk of hospitalization for viral infection (HR

of 1.7, 95% CI 1.40–2.07), as well as various other infections

compared to patients treated with metformin only. The differ-

ence between groups was reduced but remained significant

even after correction for several confounding effects. Another

study in a Swedish population of patients with diabetes

showed comparable results [120]. In contrast, the use of met-

formin has been associatedwith a reduced risk of surgical site

infection, respiratory tract infection and sepsis [121–123].

There is limited data available on some of the newer types

anti-diabetic drugs and their impact on susceptibility to infec-

tion. Various trials show no cause-effect association between

the use of GLP-1 receptor agonists and more serious infec-

tions [124]. Use of SGLT2 inhibitors did not result in a greater

risk of developing COVID-19 compared to patients using DPP-

4 inhibitors [125]. Whether these drugs may have a beneficial

impact on the ability of patients with T2D to fight infection

has so far not been studied extensively.

Analysis of the impact of diabetic drugs on susceptibility

to infection is complicated by the fact that many of these

compounds have a direct impact on the immune system.

For example metformin, the first line drug for the treatment

of T2D, impairs immune cell effector responses by induction

of AMPK and inhibition of mTORC1 signaling [126]. At the

same time, this process enhances memory CD8 T cell forma-

tion and was shown to promote recall responses in animal

models [127]. Thus, further studies are required to segregate

the impact of anti-diabetic drugs on glycemia from those on

the immune system with regards to susceptibility to infec-

tion. Nevertheless, a reduction on blood glucose appears to

be overall beneficial.

Despite a potential benefit of reducing glycemia, aggres-

sive treatment of glycemia in the context of (severe) infection

should be executed with great caution. Since inflammatory

mediators affect regulation of glycemia, viral infection is

associated with much greater variability in blood glucose
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levels [128]. Severe infections are therefore often accompa-

nied with both events of hyper- and hypoglycaemia [8].

Indeed, the NICE-SUGAR prospective study investigating the

impact of aggressive control of blood glucose in critically ill

patients showed increased mortality because of a larger num-

ber of hypoglycemic events [129]. Current guidelines for criti-

cal care patients therefore recommend parenteral and enteral

feeding over stringent blood glucose regulation [130]. In addi-

tion to blood glucose regulation, current guidelines for the

treatment of diabetes highly recommend vaccination of

patients, in particular for seasonal influenza and hepatitis B

[70].

6. Concluding remarks

Proper regulation of metabolism is a key requirement of sur-

vival. Not surprisingly, the endocrine system puts limits to

the metabolic activity of nutrient intensive cells, such as

those of the immune system. At the same time, regulation

of metabolism provides a valuable tool in the fight against

infection. The immune system therefore modulates this core

system to induce a state of systemic preparedness for infec-

tion, thus enhancing chances of survival in response to a

potentially lethal threat. Not surprisingly, dysregulation of

normal metabolic control in the context of T2D strongly

impacts the ability of the body to properly respond to infec-

tion and leads to a significant increase of morbidity and mor-

tality in response to dangerous pathogens such as SARS-CoV-

2. It is therefore important that we do not only acknowledge

the pathology of immune-endocrine interactions in diabetes,
but also try to understand the physiology behind the pro-

cesses that regulate insulin sensitivity and blood glucose

levels during changes in homeostasis, such as after infection

(Fig. 2). Only then can we properly target this mechanism to

reduce insulin resistance in diabetes and enhance the

immune response if a patient with diabetes suffers from

infection.
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