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Abstract

Hematopoietic cell transplantation (HCT) survivors face a multitude of short- and long-term health 

complications in the years after treatment. One important health complication that is associated 

with significant morbidity is metabolic syndrome (MetSyn). This constellation of findings, which 

includes obesity, glucose and lipid dysmetabolism, and hypertension, places affected individuals at 

increased risk for type 2 diabetes mellitus, cardiovascular complications, and stroke. Previous 

studies have linked MetSyn in HCT survivors to prior treatment; however, few studies have 

addressed the potential roles of systemic inflammation and immune system dysfunction after HCT. 

Within this review, we address the recent advances in the understanding of adipose tissue biology, 

immune, and inflammatory mechanisms involved in MetSyn in non-HCT patients, and lastly, we 

discuss potential novel mechanisms that may play a role in MetSyn development after HCT, such 

as hematopoietic stem cell source, inflammatory status of the stem cell donor, and microbiome 

composition, all of which represent potential new directions for post-HCT MetSyn research.
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INTRODUCTION

More than 19,000 hematopoietic cell transplantations are performed annually and since the 

1980s, the cumulative number of transplantations now exceeds 320,000 [1]. Because of 

improvements in donor selection, graft-versus-host disease (GVHD) prophylaxis, and other 

supportive care measures, survival after allogeneic hematopoietic cell transplantation (HCT) 

has increased dramatically over the last 3 decades [2]. As well, there have been an 

expanding number of nonmalignant diseases deemed treatable using HCT, all of which have 

led to a growing population of long-term HCT survivors. As the number of long-term 

survivors grows, it is becoming increasingly apparent that they face significant health 

challenges affecting multiple organ and hormonal systems [3]. One specific complication 

that leads to long-term morbidity is metabolic syndrome (MetSyn). MetSyn represents a 
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constellation of clinical findings, including hypertension, obesity, dyslipidemia, and altered 

glucose metabolism, which places individuals at increased risk for premature cardiovascular 

disease and type 2 diabetes mellitus [4,5] (Table 1). The costs, both in terms of morbidity 

and in actual health care dollars spent, in the non-HCT population are high and increase as 

the number of MetSyn components present in an individual increases. Costs for individuals 

with the constellation of obesity, diabetes, hyperlipidemia, and hypertension are more than 

double that of individuals with obesity and hypertension alone [6]. The financial costs for 

MetSyn care among survivors of HCT are likely to be even greater, making this an important 

priority topic in HCT survivor care. Current management principles are outlined in Table 2.

Although MetSyn is a significant health issue among the general population of the United 

States, affecting approximately 23% of the adult population [7] and 6% of the pediatric 

population [8], it is even more prevalent among the HCT-survivor population. HCT survivors 

have increased rates of MetSyn, as well as its individual components, compared with the 

general population in both pediatric and adult survivors [9-16] (Table 3). For pediatric 

survivors, the incidence of MetSyn varies significantly from 7% to 32% at a median of 4 to 

15 years after HCT [10,11,15,18,19]. There is not consensus regarding a MetSyn definition 

in children, likely contributing to this variability. Similarly, among mixed cohorts of adult 

autologous and allogeneic HCT survivors, the estimates have ranged widely from 25% to 

49%, anywhere from a median of 3 to 9 years after HCT [9,20,21]. Some investigators 

suggest that these clinical findings can present quite early after HCT. McMillen et al. 

reported 40% of their adult allogeneic HCT patients met modified criteria for MetSyn at 1 

year after transplantation, increased from 34% at baseline, although longer follow-up data 

were not included to show whether characteristics persisted over time [22]. Strikingly, HCT 

survivors display decreased lean tissue mass and increased fat mass, leading to normal body 

mass index or waist circumference measures despite unhealthy proportions of adipose tissue 

[10,14]. Thus, it is likely that the degree of adiposity is underestimated in HCT survivors 

(Figure 1).

Similar metabolic sequelae occur in cancer survivors not treated with HCT, but generally, 

reported rates and magnitude of risk are higher among HCT survivors [11,13,23]. Studies of 

MetSyn in HCT recipients can be difficult to interpret because many do not report pre-HCT 

MetSyn traits or prevalence. Many also fail to describe conditioning intensity, or they 

include heterogeneously treated patients. It is currently unclear whether autologous 

transplantation survivors share the same level of risk for MetSyn or its individual 

components compared with allogeneic transplantation recipients [9,10,24]. Despite an 

abundance of descriptive data on MetSyn in various subgroups of HCT survivors, questions 

regarding the underlying mechanism of this process remain unanswered. Is post-HCT 

MetSyn due to the intensity of delivered therapy, different therapeutic exposures either 

during the transplantation or before it, or is the increased incidence of MetSyn after HCT 

due to immune alterations and inflammation associated with chemotherapy and made worse 

by an allogeneic stem cell source and immune suppression?
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TREATMENT-RELATED RISK FACTORS

Hypotheses on the underlying mechanism of how MetSyn evolves after HCT have primarily 

focused on treatment-related exposures experienced by patients. Before, during, and after the 

transplantation process, HCT recipients are faced with numerous therapeutic insults, which 

may trigger or contribute to MetSyn (Figure 2). These include initial chemotherapies and 

therapeutic radiation delivered before HCT and the conditioning regimen, which commonly 

consists of high-dose chemotherapy (myeloablative or nonmyeloablative/reduced intensity), 

with or without total body irradiation (TBI). Recipients of allogeneic transplants are 

commonly treated with calcineurin inhibitors and possibly corticosteroids as post-

transplantation GVHD prophylaxis or treatment. HCT recipients receive many other 

supportive therapies, such as antimicrobials and total parenteral nutrition, all of which may 

indirectly be implicated in the pathogenesis of MetSyn.

Some investigators have speculated that TBI plays a key role in MetSyn after HCT given the 

well-established associations of therapeutic radiation exposure and MetSyn components in 

childhood cancer survivors, particularly in childhood acute lymphoblastic leukemia or 

central nervous system–tumor survivors previously treated with cranial or craniospinal 

radiation [25,26]. Although a role for TBI has been reported in some studies [10,24,27,28], 

others have found no difference compared with chemotherapy-based conditioning regimens 

[19]. Among childhood cancer survivors not treated with HCT, the link between MetSyn and 

therapeutic radiation has been attributed to growth hormone insufficiency [29]; similarly, 

growth hormone insufficiency and subsequent MetSyn have been identified in allogeneic 

HCT survivors, as well [17,19].

High-dose corticosteroids have not been directly linked to MetSyn risk in HCT recipients; 

however, such a link seems logical, given the known associations between corticosteroids 

and insulin resistance, hypertension, and obesity in childhood acute lymphoblastic leukemia 

survivors [30,31]. Allogeneic HCT recipients are at high risk for both acute and chronic 

GVHD, for which high-dose corticosteroids are considered first-line treatment. Steroid 

treatment often causes hypertension, weight gain, hyperglycemia, and hypertriglyceridemia, 

all of which are similarly observed in MetSyn; however, many of the steroid-related effects 

will partially resolve with cessation of therapy. Similarly, immune suppressants, such as 

calcineurin inhibitors and mTor inhibitors, can cause hyperlipidemia, hypertension, and 

insulin resistance, although, the association of these agents with subsequent MetSyn among 

HCT survivors has not been reported. Within the solid-organ transplantation populations, the 

associations between calcineurin inhibitor–driven insulin resistance, hyperlipidemia, and 

hypertension are well documented [32]; however, the duration of exposure and the doses 

used differ between the solid-organ and HCT populations, as do the numerous other 

therapeutic exposures and the immune statuses of recipients, making comparisons between 

these groups difficult. To date, there has not been a comprehensive analysis of the role of 

immunosuppressive agents in the development of MetSyn in HCT survivors.
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THE IMMUNE SYSTEM AS A MEDIATOR OF METABOLIC SYNDROME

Outside of the cancer and HCT survivor populations, there has been extensive research 

investigating the inflammatory properties of adipose cells, particularly within the visceral or 

white adipose tissue (WAT). Obesity is now recognized as a chronic inflammatory state that 

drives the development of insulin resistance and MetSyn. Body mass index and the degree of 

abdominal adiposity are positively correlated with serum inflammatory markers, including 

C-reactive protein, TNF-α, and IL-6. Formerly recognized as excess energy storage depots, 

adipocytes are now known to serve critical endocrine and immune functions [33-37]. 

Multiple immune cell populations accumulate within adipose tissue and these vary based on 

body composition (Table 4). Within lean individuals, adipose tissue is predominantly 

populated by regulatory T cells (Tregs), Th 2 cells, and M2 macrophages, whereas, in obese 

individuals, adipose tissue contains Th 1, M1 macrophages, CD8+ T cells, B cells, and 

dendritic cells [38] (Figure 3). The importance of the immune cells in these metabolic 

processes is particularly intriguing in the setting of HCT, where significant tissue injury, 

inflammation, and perturbations in immune cell number and function occur. As well, the 

kinetics of immune cell turnover in the adipose tissue, from recipient to donor cells, is not 

known and may impact the timing of MetSyn onset.

Monocytes and Macrophages

Although adipose tissue contains multiple immune cell types, macrophages play a central 

role in obesity-associated inflammation and in the development of subsequent 

complications, such as insulin resistance [39]. Obese individuals have increased numbers 

and proportions of peripheral blood monocytes [40], which led to the discovery that these 

blood findings were accompanied by increases of macrophages in the WAT compared with 

that of lean individuals. Furthermore, adipose tissue macrophages and peripheral blood 

monocytes in obese individuals are more likely to be polarized away from a M2 cell type 

and more toward a proinflammatory, or M1, cell type [34], a process that is driven, at least in 

part, by increased concentrations of IFN-γ and lipopolysaccharide [41]. M1 macrophages 

produce proinflammatory cytokines, including IL-6, TNF-α, and IL-1β [42]. These 

cytokines antagonize insulin signaling, leading to insulin resistance [39]. Conversely, M2 

macrophages produce tolerogenic cytokines and other molecules that dampen inflammation, 

including IL-10 and IL-1Ra.

Within the setting of cancer and HCT, macrophages may play a role in mitigating or 

propagating malignant disease progression, depending on their polarization. In studies of 

tumor-associated macrophages in both solid tumors and hematologic disease, M2-polarized 

macrophages promote tumor growth and metastasis, whereas, M1 macrophages drive 

antitumor activity [43,44]. Potentially, even outside of the tumor microenvironment, 

increased M1 macrophages after HCT may have an early protective antitumor effect, with 

later negative consequences on metabolic health.

Cytokines

Along with the proinflammatory M1 macrophage-derived cytokines IL-6, TNF-α, and IL-1β, 

additional soluble mediators regulate the inflammatory properties of adipose tissue. The 
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IL-36 cytokines, which include IL-36α, IL-36β, IL-36γ, and IL-36 receptor antagonist, are 

subgroup of the IL-1 family cytokines expressed by monocytes/macrophages and may play a 

role in obesity. Specifically, IL-36α is produced by adipose tissue–resident macrophages and 

can drive inflammatory gene expression in adipocytes [45]. In contrast, the IL-36 receptor 

antagonist antagonizes inflammatory signaling pathways, is expressed in pre-adipocytes, and 

is down-regulated by TNF-α [46]. Further investigation of this subgroup of cytokines in 

obesity and in post-HCT MetSyn is warranted. Another member of the IL-1 family is IL-33, 

a cytokine that binds to its receptor, ST2, and drives Th 2-type cytokine production. ST2 is 

expressed by type 2 innate lymphoid cells (ILC2s) in adipose tissue. IL-33 regulates adipose 

tissue function and homeostasis, in part by increasing ILC2 production of the Th 2 cytokines 

IL-13 and IL-5, which reduces adipose inflammatory cytokine production [47]. This process 

serves to maintain a critical balance between Th 1 and Th 2 cells within the adipose tissues. 

ILC2s also maintain WAT eosinophils and M2 macrophages [48,49], which is crucial in the 

development of beige cells within WAT [47], a subgroup of adipocytes linked to obesity 

resistance.

Interestingly, ST2 has become an important biomarker for development of steroid-refractory 

GVHD and mortality, and the ST2/IL-33 pathway appears to be integral in propagating the 

inflammatory response in acute GVHD [50,51]. Pretransplantation plasma ST2 levels were 

higher in obese transplant recipients, as were subsequent nonrelapse mortality rates, most 

commonly from acute and chronic GVHD [52], indicating a possible connection between 

the inflammatory processes associated with obesity/MetSyn and GVHD.

Other Immune Cells

Although macrophages are thought to be the most functionally important immune cell in 

adipose tissue, T cells play a role in macrophage polarization and cytokine profile. In both 

murine obesity models and in humans, T cells, particularly CD4+ cells, are increased in 

adipose tissue and this accumulation appears to precede that of macrophages [53]. Within 

the circulating peripheral blood T cell compartment, Wagner and colleagues reported that in 

morbidly obese individuals, total CD4+ T cells are increased but Tregs are reduced [54]; 

however, this has not been consistently shown [55]. Interestingly, within experimental 

models, Tregs play a protective role in atherosclerosis, which is a known complication of 

MetSyn [56]. The immune suppressive function of Tregs may also be linked to myeloid-

derived suppressor cells (MDSCs). MDSCs enhance M2 macrophage polarization, in part 

through IL-10 production [57]. To date, there are no data documenting a relationship 

between MDSCs and MetSyn, although, similar to Tregs, increased MDSCs after HCT is 

associated with less GVHD [58], possibly suggesting protective, anti-inflammatory effects 

in MetSyn. Dendritic cells also play an important role in maintaining immune tolerance. 

Recent work in mice has shown that a subpopulation of dendritic cells that express perforin 

are protective against MetSyn and autoimmunity, in part by preventing inflammatory 

processes in the adipose tissue by depleting inflammatory T cells [59].

Natural killer (NK) cells are key producers of IFN-γ, which as above, drives M1 macrophage 

polarization in adipose tissue. In mice fed a high-fat diet, the numbers of WAT NK cells 

were increased by 3 to 5 fold, and in NK-deficient mice, fat-associated macrophages were 
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decreased, with the greatest impact on M1 macrophages. Notably, NK-deficient mice fed a 

high-fat diet gained weight but could maintain insulin sensitivity, thereby linking NK cell–

derived IFN-γ to inflammation-induced insulin resistance [36]. Interestingly, NK cells 

recover rapidly after HCT and, along with having potent graft-versus-leukemia properties, 

they are also protective against GVHD [60]. Potentially, these beneficial early effects of NK 

cells may have a later adverse impact on HCT survivors by contributing to MetSyn, 

although, this has not been formally investigated.

NK T (NKT) cells are a specialized group of innate T cells that recognize glycolipids in the 

context of CD1d and rapidly produce cytokines upon activation. These cells are increased in 

the WAT of mice fed a high-fat diet fed mice [61], but their role in insulin resistance is not 

clear. Murine studies have shown that NKT cells play an important role in the evolution of 

insulin resistance [61,62]; however, other studies show that they prevent development of 

insulin resistance [63], perhaps reflecting the functional heterogeneity of NKT cell subtypes. 

Considering that NKT cells are observed at different frequencies in humans than they are in 

mice, this remains an area for further investigation in human MetSyn. This will be 

particularly interesting within the post-HCT survivor population, where NKT cells are, 

similar to many of the immune cell types above, associated with reduced rates of GVHD 

[64].

Adipokines

Along with the presence of M1 macrophages and other proinflammatory immune cells that 

drive obesity-induced inflammation, adipose tissue produces adipokines. The 2 best 

characterized adipokines are leptin and adiponectin, which play key functions in regulating 

metabolism and immunity. Leptin serum concentrations are proportional to body fat and 

regulate appetite and energy expenditure. Additionally, and perhaps most pertinent to the 

HCT setting, is the role of leptin in modulating immune cells and inflammation. Leptin 

decreases the proliferative capacity of Tregs; increases circulating granulocytes, NK cells, 

and monocytes; and induces T cell differentiation toward a Th 1 phenotype, all of which 

further enhances inflammatory cytokine production [65]. Despite this, there are limited data 

on leptin serum concentrations after transplantation and whether they are associated with 

MetSyn or other adverse complications [11]. In contrast to leptin, adiponectin is decreased 

in obesity and type 2 diabetes mellitus [66] and has anti-inflammatory effects on endothelial 

cells, smooth muscle cells, and macrophages, in part by inhibiting the effects of TNF-α and 

IL-6 on these tissues, as well as through inhibition of NF-kB activation [67] and IL-10 and 

IL-1Ra production [68]. Adiponectin also influences immune cell development and function, 

and it inhibits myelomonocytic progenitor proliferation as well as certain macrophage 

functions, such as phagocytosis and inflammatory cytokine production [67]. As well, 

adiponectin receptors are expressed at higher levels on M2 macrophages, as compared to M1 

macrophages [69]. Again, whether serum adiponectin concentration is associated with 

reduced post-transplantation MetSyn has not been investigated.

Turcotte et al. Page 6

Biol Blood Marrow Transplant. Author manuscript; available in PMC 2017 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



INFLAMMATION AFTER HCT: PROPOSED HYPOTHESES AND FUTURE 

DIRECTIONS

Despite the rapidly growing literature addressing the importance of immune cells and 

cytokines in MetSyn progression and pathophysiology, much of the work has been 

performed in murine models. Recent intriguing mouse studies show successful treatment of 

type 2 diabetes with HCT [70], directly linking immune-mediated inflammation to 

metabolic processes. To date, investigation of MetSyn in HCT survivors remains sparse. 

Thus, there are many questions regarding the mechanisms and risk factors for post-HCT 

MetSyn. Considering that patients with post-HCT MetSyn have both similarities and 

differences to nontransplantation individuals and that transplant recipients have profound 

perturbations in immune function, the immunological changes in these patients must be 

carefully considered. It is not clear, particularly in humans, what initiating events lead the 

immune system to switch from maintaining adipose tissue homeostasis to development of 

the proinflammatory process outlined above and whether these are exacerbated by aspects of 

HCT, including therapeutic radiation, chemotherapy, immune suppression, GVHD, or graft 

characteristics.

The data supporting treatment-related effects on MetSyn are compelling but not fully 

explanatory, nor are the precise mechanisms of those effects fully understood. Given the 

immune perturbations that occur with HCT, including immune reconstitution and GVHD, 

transplantation-associated immune dysregulation may result in proinflammatory changes 

that impact metabolic health in survivors, similar to what has been shown in non-HCT 

patients. As above, multiple similarities in the immune cells and cytokines that drive GVHD 

after HCT are also observed in MetSyn. Studying these processes in a longitudinal fashion 

among HCT recipients, with close attention to the role of circulating and adipose-resident 

immune cells, may lend important insight into the pathophysiology of both processes. It is 

also feasible that high-dose chemotherapy and radiation therapy cause significant DNA 

damage, particularly within the mitochondria, which leads to mitochondrial dysfunction and 

resultant fat storage and hyperlipidemia [71].

A compelling argument could be made that the stem cell source may also affect risk for 

MetSyn in survivors based on the variability in inflammatory properties across stem cells 

sources, including bone marrow, peripheral blood, and the more naïve umbilical cord blood. 

In support of this, 2 months after immune-deficient mice were engrafted with CD34+ cells 

from either adult bone marrow or fetal bone marrow or liver, mice had different circulating 

lymphocyte populations, with the latter differentiating into more tolerogenic cells (Tregs and 

Th 2 cells) that would be expected to protect against MetSyn [72]. Similar observations have 

been made in the gene expression and inflammatory potential of fetal and adult monocytes, 

with the latter being more inflammatory [73]. It is currently not known whether the 

inflammatory status of the stem cell donor impacts the inflammatory behavior of the graft 

within the recipient, or rather whether an inflammatory condition, such as obesity in the 

donor, increases risk for MetSyn or other inflammatory conditions in the recipient. Obesity 

is associated with DNA methylation modifications in the promoter regions of genes involved 

in lipid metabolism, immune and inflammatory response, and cytokine signaling [74], but 
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the effect of these modifications in HCT donors has not been investigated. Using a mouse 

model, bone marrow stem cells from obese mice give rise to more inflammatory 

macrophages, even after serial transplantations into nonobese mice, suggesting that obesity 

induces inflammatory-heritable changes at the level of the hematopoietic stem cell and that 

this is transferrable to transplant recipients [75]. These questions have yet to be addressed in 

the human HCT patient population, but they warrant attention as research into the 

pathophysiology of MetSyn in HCT survivors advances. Such data could potentially have 

bearing on choice of stem cell source, as well as selection of individual transplant donors. In 

instances where changes could not be made, this information could have bearing on post-

transplantation monitoring or treatment.

Likewise, there is emerging evidence for the role of the gut microbiome in altering 

metabolic health, and it is likely that through the multiple toxicities and prolonged antibiotic 

use during the HCT course, there is derangement in the normal gut flora of HCT recipients 

[76]. There is intriguing evidence in murine models that fecal transplantation from an obese 

to a lean donor can induce obesity or ameliorate development of MetSyn [77]. The relative 

abundance and types of bacteria are altered in MetSyn; specifically, the ratio between 

Firmicutes and Bacteroidetes shifts in the setting of obesity and MetSyn, so that a greater 

proportion of Firmicutes is observed [77,78]. There is extensive crosstalk between the gut 

microbiota and the immune system, especially during HCT, including alterations in 

microbial composition related to specific post-HCT complications, such as GVHD [79]. 

Increased Bacteroidetes abundance before transplantation appears to protect against acute 

GVHD after HCT, possibly in part because of increased propionate production, which 

promotes Treg production and homing to the gut [80]. Thus, the interaction between the 

microbiome, the donor, as well as the recipient and any transplantation-associated 

complications, may have bearing on the subsequent development of MetSyn after allogeneic 

HCT.

CONCLUSIONS

MetSyn is a common and severe complication after HCT, but the causes are not well 

defined. There have been exciting discoveries and improvements in understanding of the 

pathophysiology of MetSyn over the last decade. The immune system appears to play a key 

role in the propagation of this disorder. As the underlying pathophysiology of Met-Syn in 

the general population is better understood, opportunities exist to translate those findings to 

the HCT-survivor population. However, there may also be distinct factors that drive post-

HCT MetSyn, given the very unique nature of HCT. Gaining a greater understanding of the 

biology of this morbid process, through increased research on the impacts of immune 

reconstitution, stem cell source, donor/recipient interactions, and the post-transplantation 

microbiome on MetSyn outcomes, may guide future alterations in HCT management and 

supportive care. These alterations could ultimately lead to decreased proportions of survivors 

experiencing late cardiovascular complications or type 2 diabetes mellitus. As the number of 

survivors continues to grow, there must be increased focus on the prevention and 

management of long-term health consequences, as well as decreasing early and late 

toxicities.
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Highlights

• Survivors of hematopoietic cell transplantation are at increased risk of 

metabolic syndrome

• Immune system perturbations may be implicated in subsequent 

development of metabolic syndrome

• Additional novel mechanisms for metabolic syndrome warrant further 

investigation
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Figure 1. 
Sarcopenic obesity. Increased adipose tissue present compared to lean individual, despite 

similar body mass. Frequently observed after hematopoietic cell transplantation.
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Figure 2. 
Timeline for potential metabolic syndrome risk factors throughout the hematopoietic cell 

transplantation process.
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Figure 3. 
Immune cells and adipose tissue. Anti-inflammatory immune cells present in lean adipose 

tissue, proinflammatory immune cells present in obese adipose tissue. Unknown immune 

cells present in adipose tissue after hematopoietic cell transplantation.
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Table 1

Metabolic Syndrome Diagnostic Criteria [4]

Criterion Men Women

Waist circumference >102 cm >88 cm

Blood pressure
* ≥130/85 mmHg ≥130/85 mmHg

HDL
* <40 mg/dL <50 mg/dL

Triglycerides
* ≥150 mg/dL ≥150 mg/dL

Fasting glucose
* ≥100 mg/dL ≥100 mg/dL

HDL indicates high-density lipoprotein.

An individual must have 3 of 5 findings to meet CMS criteria.

*
Medication management qualifies as having finding.
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Table 2

Current Management Recommendations of Metabolic Syndrome [5]

Metabolic Abnormality Recommended Management

Obesity
• Increased waist circumference
• Increased BMI

Increase physical activity, goal ≥30 min moderate intensity activity most days of the week
Decrease caloric intake; specifically, decrease saturated fat, trans fat and cholesterol intake

Dyslipidemia
• Decreased HDL
• Increased triglycerides

Increase physical activity, goal level as above
Make dietary modifications, decrease saturated fat, trans fat, and cholesterol intake
Introduce lipid lowering drugs, as appropriate

Hypertension Increase physical activity, goal level as above
Alcohol use in moderation
Make dietary modifications, including sodium reduction
Introduce antihypertensive drugs, as appropriate

Glucose dysmetabolism
• Impaired glucose tolerance
• Type 2 diabetes mellitus

Increase physical activity; goal ≥30 min moderate intensity activity most days of the week
Decrease caloric intake; monitor carbohydrate intake
Introduce pharmacotherapy to achieve hemoglobin A1C < 7%
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Table 3

Review of Studies Examining Metabolic Syndrome in Patients Treated with HCT

Study Year n Age Source (n) Median 
Time after 
HCT, yr

Treated 
with 
TBI, %

MetSyn, % Other

Taskinen M 
et al. [13]

2000 23 10-32 Allo 10.8 78 39

Shalitin et 
al. [16]

2006 91 4-32 Allo (45), 
auto (46)

6.2 (mean) 16 ND 27.9% of tested patients with 
dyslipidemia

Taskinen M 
et al. [17]

2007 31 7-34 Allo 6 90 39 48% developed GH deficiency (75% 
of individuals with MetSyn)

Chow EJ et 
al. [11]

2010 26 8-21 Allo 6 100 23 38.5% treated with cranial radiation, 
50% developed GH deficiency

Oudin C et 
al. [15]

2011 60 18-41 Allo (39), 
auto (21)

15.4 72 15

Bajwa R et 
al. [10]

2012 160 5-28 Allo (99) 
Auto (70)

7 37 7.5 17% developed GH deficiency

Frisk P et 
al. [12]

2012 18 17-37 Allo (3), 
auto (15)

18.2 100 17 39% treated with cranial radiation

Paris C et 
al. [18]

2012 69 6-25 Allo (59), 
auto (10)

4 55 32 Low HDL most common component. 
Corticosteroid use before or after post-
HCT was most significant risk factor 
for MetSyn.

Bizzarri C 
et al. [14]

2015 45 13.9 ± 4.8 Allo (40), 
auto (5)

4-6.9 (mean) 47 0

Oudin C et 
al. [19]

2015 170 24.8 ± 5.4 Allo (124), 
auto (46)

14.5 (mean) 73 17 9% treated with cranial/craniospinal 
radiation; GH deficiency associated 
with increased MetSyn risk

Higgins K 
et al. [20]

2005 16 25-54 Allo (13), 
auto (3)

6 (mean) 93 25 Hypertriglyceridemia most common

Annaloro C 
et al. [9]

2008 85 26-63 Allo (39), 
auto (46)

9 78 34 Hypertriglyceridemia most common

Majhail NS 
et al. [21]

2009 86 21-71 Allo 3 77 49 Hypertriglyceridemia most common

McMillen 
KK et al. 
[22]

2014 785 18-74 Allo 48 34% pre-
HCT
40% 
modified 
MetSyn at 1 
yr

Hypertriglyceridemia most common

Allo indicates allogeneic; auto, autologous; ND, not defined; GH, growth hormone.
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Table 4

Immune Cells Involved in Metabolic Syndrome

Immune Cell Type Role in MS

Monocytes and macrophages

    M1 Increased in obese adipose tissue, produces IL-6, TNF-α, and IL-1β antagonizing insulin signaling and driving 
insulin resistance

    M2 Decreased in obese adipose tissue, produce IL-10, IL-1Ra

T cells

    CD4+ Increased in obese adipose tissue and peripheral blood

        Treg Decreased in obese adipose tissue and peripheral blood, anti-inflammatory effect

        Th 1 Increased in obese adipose tissue, secrete IFN-γ, which stimulates monocytes to differentiate into M1 
macrophages

        Th 2 Decreased in obese adipose tissue and peripheral blood, associated with M2 macrophage activation

        Th 17 Increased in obese adipose tissue, secrete IL-17, which enhances proinflammatory macrophage function.

    CD8+ Increased in obese adipose tissue, precede accumulation of macrophages and play a role in macrophage 
differentiation

    NKT Increased in obese adipose tissue in mice, unclear how they impact MS risk and inflammation

B cells Increased in obese adipose tissue, promotes M1 macrophage polarization

NK Produce IFN-γ, which stimulates monocytes to differentiate into M1 macrophages

ILC2s Decreased in obese adipose tissue, promote accumulation of eosinophils and M2 macrophages in adipose tissue

Dendritic cells Increased in obese adipose tissue, promote Th 17 cell generation and inflammation in mice.

Neutrophils Help recruit macrophages to adipose tissue

Eosinophils Decreased in obese adipose tissue, help improve glucose metabolism by maintaining abundance of M2 
macrophages

Mast cells Increased in obese adipose tissue, produce IL-6 and IFN-β
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