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Although gene-environment interactions have been investigated for many years to understand people’s susceptibility
to autoimmune diseases or cancer, a role for environmental factors in modulating alloimmune responses and transplant
outcomes is only now beginning to emerge. New data suggest that diet, hyperlipidemia, pollutants, commensal microbes, and
pathogenic infections can all affect T cell activation, differentiation, and the kinetics of graft rejection. These observations
reveal opportunities for novel therapeutic interventions to improve graft outcomes as well as for noninvasive biomarker
discovery to predict or diagnose graft deterioration before it becomes irreversible. In this Review, we will focus on the impact
of these environmental factors on immune function and, when known, on alloimmune function, as well as on transplant fate.

The strength and potency of an alloimmune response following organ transplantation are determined by the frequency and
avidity of T cells for alloantigens expressed by the graft, a process
that depends largely on the number of genetic disparities between
the donor and the recipient. The possibility that environmental
factors may further modulate the strength of the antitransplant
immune response has recently gained interest. Although the
impact of environmental factors may not be readily identifiable
in heavily immunosuppressed patients, it may become more relevant in patients on minimal immunosuppression, or in the few
patients in whom immunosuppression can be withdrawn. In this
Review, we will focus on environmental factors that can impact
the kinetics of graft rejection in animal models, namely high-salt
diet (HSD); high-fat diet (HFD) and associated hyperlipidemia;
pollutants; and microbes.

HSD and transplant fate

While diet has long been considered an important risk factor
for pathologies such as heart disease, the demonstration of its
importance in immunity is recent. Among dietary components,
salt (NaCl) has drawn attention based on its potential effects on
both innate and adaptive immunity. Although salt is an essential
element of the human diet, the daily amount of salt consumed
exceeds the recommended intake and has been associated with
greater risk of hypertension and stroke (1). Below, we will discuss
the effects of salt on innate and adaptive immunity.
Salt, monocytes, and the lymphatic system. NaCl is the main
determinant of the extracellular fluid volume of the body and is
tightly regulated by pressure receptors, the sympathetic nervous
system, and hormones, including the renin-angiotensin-aldosterone system; however, recent studies have demonstrated that
isotonicity is not stable in tissues. Lymphoid tissues were found
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to be hyperosmolar (2), and 23Na MRI demonstrated greater sodium accumulation in the skin of patients with refractory hypertension (3). Macrophages appear to play a role in buffering excess salt
intake, preventing expansion of the extracellular volume and consequently blunting surges in blood pressure. Titze and colleagues
showed that rats fed an HSD accumulated hypertonic sodium
in the interstitial space of the skin, leading to hyperplasia of the
lymphatics via activation of tonicity-responsive enhancer binding
protein (TonEBP) in interstitial mononuclear phagocyte system
(MPS) cells and production of angiogenic VEGF-C (4). Deletion of
TonEBP in MPS cells prevented this compensatory response upon
HSD exposure and led to higher blood pressure in mice (5). Similarly, blocking VEGF-C receptor impaired the expansion of skin
lymphatics and induced salt-sensitive hypertension (5). In another
study, higher sodium content in the skin enhanced the immune
response against the protozoan parasite Leishmania major through
stimulation of nuclear factor of activated T cells 5 (NFAT5) in
macrophages, promoting activation of classical macrophages that
exhibited effector function via NOS2 (6). Lastly, high salt impaired
M2 macrophage differentiation through inhibition of mTOR/AKT
signaling, resulting in impaired wound healing in mice (7). In sum,
increased salt promotes inflammatory macrophages while inhibiting antiinflammatory macrophages (Figure 1). Whether sodium
retention in skin further lowers the threshold for immune activation and promotes rejection in vascularized composite tissue
transplants that contain skin remains to be determined.
Salt and adaptive immunity. Increased salt intake may induce
pathogenic T cells and impair immune regulation. In vitro, NaCl
(40 mM) promoted Th17 induction in both murine and human T
cells through a mechanism dependent on p38 MAPK, NFAT5, and
serum glucocorticoid kinase 1 (SGK1) activation (8). Further, HSD
accelerated the onset and severity of murine experimental autoimmune encephalomyelitis (EAE) (8, 9). Mechanistically, high salt
induced SGK1, which promoted IL-23R expression and enhanced
Th17 cell differentiation in vitro and in vivo. In mice with SGK1-
deficient T cells, EAE severity was abrogated with impaired Th17
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Figure 1. Effects of high salt on innate and
adaptive immunity. High-salt diet may stimulate macrophages to differentiate into classical
macrophages (M1), potentiating their effector
function through NFAT5 activation and increasing the immune response against Leishmania
infection. In a murine model of wound healing,
high salt inhibits M2 differentiation through
inhibition of mTOR/AKT signaling, leading to
delayed wound healing. In adaptive immunity,
high salt may potentiate Th17 cell differentiation and exacerbate disease in the experimental
autoimmune encephalomyelitis (EAE) model. In
a murine model of cardiac transplantation, highsalt diet is deleterious to immune regulation and
precipitates rejection by reducing the proportion
of Tregs via SGK1 activation and consequent
FoxO1/FoxO3a phosphorylation.

cell differentiation despite HSD (9). Because the gut is the primary site exposed to HSD, one hypothesis is that HSD may modify
intestinal microbiota, leading to autoimmunity. The microbiota
does seem to play a contributory role in EAE initiation (10), but the
exact effect of HSD in the microbiota is unknown. In humans, an
observational study that estimated sodium intake based on sodium urine excretion in two independent cohorts of patients with
multiple sclerosis (MS) showed that higher sodium intake was
associated with increased MS exacerbation in a multivariate model adjusted for other parameters (11). Whether altering salt intake
may reduce MS exacerbation remains to be determined.
High-salt exposure also increases alloimmunity (Figure 1). In
a single-mismatch MHC class II cardiac transplant model, Safa et
al. demonstrated that HSD accelerated allograft rejection despite
a lack of changes in serum sodium concentration or mean blood
pressure (12). The rejection in the HSD group was associated
with reduced percentage and proliferation of CD4+FoxP3+ Tregs,
leading to a lower Treg/T effector ratio than in control animals.
Allografts exhibited significantly lower Treg infiltration in the
HSD group compared with the control group, but no difference
in Th17 cells. Nonetheless, T cell SGK1 mediated the deleterious
effect of HSD on Tregs by triggering phosphorylation of FoxO1/
FoxO3a, thereby sequestering these important Treg transcriptional factors in the cytoplasm (12). A similar deleterious effect of salt
on Tregs was observed in a xenogeneic graft-versus-host disease
(x-GVHD) model and in an adoptive transfer model of experimental colitis (13). Hernandez et al. demonstrated that high sodium
induced Treg IFN-γ production via SGK1, impairing Treg suppressive function (13). IFN-γ neutralization restored Treg inhibitory function. Thus, salt affects both Treg stability and function,
and an HSD impairs immune regulation, accelerating rejection
in a murine cardiac transplant and an x-GVHD model. Whether
manipulating dietary salt intake alters rejection rates in humans
remains to be determined.

HFD, hyperlipidemia, and alloimmunity

Atherosclerotic coronary artery disease causes end-stage heart disease in approximately 40% of all patients requiring a heart trans-

plant (14). Atherosclerosis is now considered to be a chronic inflammatory disease (15–18), and humans with atherosclerosis exhibit
increased serum levels of inflammatory cytokines. Hyperlipidemia
also develops in 50% of heart transplant patients after the first year
after transplantation and in as high as 95% of patients within 5 years
(19). The standard treatment for hyperlipidemia is administration
of cholesterol-lowering statins (20). In spite of treatment, twothirds of transplant patients remained dyslipidemic, and a significant number of heart transplant patients are statin intolerant (21,
22), leaving the majority of transplant patients with significantly
elevated lipid levels. Insofar as hyperlipidemia promotes inflammation, the influence of this condition on recipient antidonor responses could have a major impact on transplant outcomes.
Evidence that hyperlipidemia affects transplant outcome can
be found in chronic rejection. Chronic rejection of heart transplants results in cardiac allograft vasculopathy (CAV). A history
of ischemic heart disease resulting from hyperlipidemia-associated coronary artery disease is a major recipient characteristic
associated with cardiac allograft rejection after the first year after
transplantation (14). Increases in the ratio of triglycerides to HDL
were correlated with increased frequency and severity of CAV,
and preexisting dyslipidemia at the time of heart transplantation
was found to be a significant risk factor for the development of
CAV (23). Progression of CAV correlated with increases in total
cholesterol and LDL (24), and total cholesterol levels after 1 year
after transplantation may have prognostic value in determining
which patients will develop CAV (25). Consistent with the idea
that hyperlipidemia negatively affects transplant outcome, reducing lipids can reduce the incidence of rejection. Statins decreased
the incidence of acute rejection, improved 1-year survival, and
reduced the development of CAV (26). However, in some studies, other cholesterol-lowering drugs did not improve transplant
outcome (27). While improved transplant survival may be related to the ability of statins to lower lipid levels, statins also have
immunomodulatory properties that are independent of lipid-lowering effects (28–30) in monocytes (31–39) and T cells (33, 34, 40,
41). Indeed, when treated with lipid-lowering agents, mice with
normal lipid levels exhibited prolonged transplant survival (26).
jci.org   Volume 127   Number 7   July 2017
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Figure 2. Model for the modulation of transplant outcomes by the microbiota as a central and rapid integrator of host-environmental pressures. Select
microbial communities can enhance the ability of APCs to activate alloreactive T cells and accelerate graft rejection. Diet and pollutants can modify the
composition of colonizing microbial communities, which may in part relay their immunomodulating effects. Moreover, the reciprocal crosstalk between
the immune system and the microbiota implies that the alloimmune response and the immunosuppressive drugs taken by transplant hosts may trigger
additional feedback loops between microbial changes and the strength of the alloimmune response, eventually impacting graft outcome.

Modeling effects of hyperlipidemia on transplant survival. Several
murine models of altered plasma lipids have been developed for
the study of atherosclerosis, including apolipoprotein E–deficient
(ApoE-deficient) mice (42). Feeding ApoE-deficient mice an HFD
increased serum cholesterol (42–45), although these mice did
not become obese or hyperglycemic, making it possible to study
the effects of high plasma lipid levels without other confounding
comorbidities that have independent effects on immunity (46, 47).
ApoE-deficient mice have systemic immune system changes, similar to those seen in hyperlipidemic patients including
increased Th1 and Th17 responses (17, 18, 48) and changes in
immune responses to pathogens (49–51). Using ApoE-deficient
mice as a model of recipient hyperlipidemia revealed profound
effects on transplant rejection and its regulation (52). Hyperlipidemic recipients exhibited accelerated rejection of fully mismatched cardiac allografts and acutely rejected MHC class II–mismatched transplants that typically undergo chronic rejection only.
Acute rejection in hyperlipidemic hosts resulted from alloreactivity, as syngeneic grafts survived long-term. These changes in the
kinetics of rejection were not due to the reported immunomodulatory effects of ApoE (45), as hyperlipidemic ApoE-sufficient mice
fed an HFD also acutely rejected MHC class II–mismatched transplants. Moreover, the degree of hyperlipidemia positively correlated with an increase in rejection kinetics. Thus, hyperlipidemia
leads to accelerated rejection independently of obesity and hyperglycemia. Accelerated rejection of minor antigen–mismatched
cardiac grafts was also observed in mice on an HFD compared
with mice on a nutrient-matched low-fat diet (53). Together, these
data point to a role for hyperlipidemia in transplant rejection.
Mechanisms of transplant rejection in hyperlipidemia. Th1 cells
are typically considered the main CD4+ T cell subset that mediates
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rejection. In hyperlipidemic mice, however, Yuan et al. observed
an increased frequency of IL-17–producing T cells in the periphery. A significant number of IL-17–producing graft-infiltrating
cells were observed in MHC class II–mismatched as well as fully
mismatched cardiac allografts transplanted into hyperlipidemic
recipients (45). In contrast, IL-17–producing graft-infiltrating cells
were not observed in hearts undergoing rejection in control recipients. Survival of allogeneic hearts in hyperlipidemic recipients was
significantly prolonged when IL-17 was neutralized or genetically
deleted. These data suggest that the condition of hyperlipidemia
promotes a rejection response that involves a Th17 component not
observed in mice with normal lipid levels.
Cholesterol in T cell activation. T cell activation and clonal
expansion require significant synthesis of cholesterol-containing
membranes (54). T cells accumulate cholesterol either through
cellular synthesis or through the uptake of exogenous cholesterol via LDL receptor (LDLR) or alternate receptors. Cellular cholesterol levels are regulated by transcription factors that promote
cholesterol efflux (the liver X receptors, LXRα and LXRβ) and
degrade LDLR or through factors that promote cholesterol accumulation (SREBPs). Perturbation of cellular cholesterol homeostasis markedly alters T cell responses. T cell–specific deletion
of the ATP-binding cassette transporter G1 (ABCG1), which promotes cellular cholesterol efflux, enhanced T cell receptor (TCR)
signaling (55). SREBP-deficient CD8+ T cells displayed defective
proliferation and deficient clonal expansion during viral infection
(56). Inhibition of ACAT1, a cholesterol esterification enzyme, led
to increased CD8+ T cell cytotoxicity, TCR clustering, and TCR
signaling (57). Further, cholesterol binds to the TCR-β chain (58),
and the ratio of cholesterol to inhibitory cholesterol derivatives
can potentiate TCR-mediated activation (59).
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Cholesterol also plays a role in T cell polarization following
activation. While oxysterol-induced LXR prevented Th17 generation by inhibiting aryl hydrocarbon receptor–dependent (AHR-dependent) IL-17 transcription (60), non–LXR agonist oxysterols
induced RORγt, the master transcriptional element controlling
Th17 development (61). Adding oxysterols to naive T cells under
polarizing conditions promoted the development of Th17 cells
(61). Treg functions seem particularly sensitive to cholesterol levels. Inhibition of 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase (HMGCR), which controls cholesterol synthesis, prevented
Treg proliferation and impaired Treg function (62), and Abcg1
deletion increased Treg proliferation (63). In the LDLR knockout
model of hyperlipidemia, increases in the splenic frequency of
Tregs were correlated with changes in phenotype and their functional inability to control atherosclerotic lesions (64).
Effects of cholesterol on antigen-presenting cells. Cholesterol also
plays an important role in membrane maintenance that is critical
for proper antigen-presenting cell (APC) function (65, 66). Abcg1–/–
macrophages, which have impaired cholesterol efflux and elevated
cholesterol levels, exhibited an intrinsic bias toward M1 polarization
with increased NF-κB activation (67) and enhanced proinflammatory cytokine production (68, 69). Oxidized LDL (ox-LDL) induced
autophagosome formation, MHC-II expression, and phosphorylation of SYK in macrophages (70). Oxidized cholesterol promoted
the differentiation of monocytic precursors into phenotypically
mature dendritic cells (DCs) (71), and treatment of DCs in vitro
with ox-LDL was associated with upregulation of the costimulatory molecules CD86 and MHC-II and downregulation of the coinhibitory molecule programmed death ligand-1 (PD-L1) (72). While
these data suggest a role for cholesterol in APC function, results
have been contradictory for antigen presentation. DC subsets isolated from hyperlipidemic ApoE-deficient mice did not have altered
antigen-presenting function (73, 74). It has been suggested that
ApoE-deficient macrophages are more activated (75, 76) and have
reduced scavenging capacity when compared with control cells (77).
In HFD-induced obesity models, increased percentages of CD11chi
DCs and CD11cloMHC-II+B220+ plasmacytoid DCs were found in
the spleen; however, these cells had decreased stimulatory capacity (78). DCs isolated from C57BL/6 mice fed an HFD for 8 weeks
showed no changes in their ability to stimulate CD4+CD25 – effector
cells in vitro (79). Thus, overall antigen presentation in hyperlipidemic mice remains unchanged or slightly impaired. These results
differ from those of a recent study in which APCs were found to
have greater stimulatory capacity if animals were fed an HFD for
over 12 weeks, when obesity-induced inflammation is prominent
(53). Also, in this study, control mice were fed a nutrient-matched
low-fat diet, rather than normal chow, possibly revealing a lower
stimulatory capacity of control APCs. Additionally, different diets
alter the microbiota differently, and, as described below, different
microbial communities have different capacities to tune APCs. How
APCs integrate tuning by the microbiota with direct consequences
from hyperlipidemia remains to be investigated.
Hyperlipidemia and Tregs. Bagley et al. found that hyperlipidemia profoundly alters Tregs. CD4+FoxP3+ Tregs were significantly
expanded in hyperlipidemic mice; however, these cells downregulated expression of CD25 (52), a finding that resolves the contradictions in previous studies in ApoE-deficient mice (64, 80, 81), where
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authors have reported either increased or decreased frequencies of
Tregs depending on whether FoxP3+CD25 – cells were measured.
Bagley et al. also observed that Tregs derived from hyperlipidemic animals were less suppressive in vitro than Tregs from C57BL/6
mice fed normal chow. Others have suggested that ox-LDL exposure can reduce the suppressive properties of CD4+CD25+FoxP3+ T
cells (81). T cells from hyperlipidemic mice expressed significantly
lower levels of the proapoptotic molecule Bim, which has previously been implicated in Treg function, compared with normal mice
(82). Changes in Tregs in hyperlipidemic mice also affected tolerance induction based on approaches that require Tregs, such as
costimulatory molecule blockade. Indeed, treatment with cytotoxic T lymphocyte antigen-4–Ig (CTLA4-Ig) and anti-CD154 failed to
induce tolerance to fully allogeneic cardiac transplants in hyperlipidemic mice (52). Overall, HFDs and consequent hyperlipidemia
can impact alloimmune cells directly, or indirectly via increased
inflammation (Figure 2), which globally accelerates the kinetics of
transplant rejection in nonimmunosuppressed mice and prevents
the induction of transplantation tolerance. The impact of hyperlipidemia on tolerance induction or immunosuppression withdrawal
in the clinic remains to be investigated.

Impact of pollutants on graft outcome

Pollutants may affect the alloimmune response via activation of
AHR, a cytoplasmic receptor that serves as an environmental sensor. AHR can be activated by many substances, such as polycyclic
aromatic hydrocarbons or products of the microbiota (83–85),
leading to the activation of a number of transcription factors (86).
Depending on the ligand and duration and context of exposure,
AHR activation may lead to opposing immune functions (84, 87).
In an alloimmunity model, exposure to the AHR ligand 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) prolonged skin allograft survival in a fully allogeneic BALB/c into C57BL/6 transplant model,
while exposure to the AHR ligand formylindolo (3,2-b)carbazole
(FICZ) accelerated rejection (88). These outcomes were associated with expansion of Tregs and increases in IL-17–producing cells,
respectively. TCDD administration also prolonged graft survival
in a fully allogeneic MHC-mismatched cardiac transplant model
(89). In a murine islet cell transplant model, oral administration of
VAG539, a pro-agent that is converted to the AHR ligand VAF347,
led to long-term graft acceptance in 69% of recipients (90). Furthermore, VAG539-induced tolerance was transferable by the
adoptive transfer of CD11c+ cells isolated from treated recipients.
Tolerance induction was associated with expansion of CD4+CD25+Foxp3+ Tregs. While TCDD has been shown to inhibit B cell
differentiation and antibody production in vitro (91–94), no studies have yet demonstrated a potential benefit in transplantation. In
humans, there is some observational evidence that traffic air pollution may shorten the life of lung transplants through the development of bronchiolitis obliterans syndrome (95). Overall, AHR
may play an important role in transplant homeostasis, and further
understanding of its fine balance is required for the development
of novel potential therapeutic targets.
Smoking is a major source of toxic substances and has been
associated with greater risk of allograft loss (96–98). Smoking
may induce vascular damage in the graft (99, 100) but may also
increase the rate of rejection (98, 101). In a murine model of islet
jci.org   Volume 127   Number 7   July 2017
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cell transplantation, second-hand smoking prevented tolerance
induction by CD154 costimulation blockade through suppression
of indoleamine 2,3-dioxygenase (IDO) (102). Although Treg numbers were not directly affected, overexpression of IDO in islets
restored long-term allograft survival. Thus, smoking limits graft
survival likely through multiple mechanisms.
Carbon monoxide (CO) can be toxic at high levels because of
its 200 times greater affinity for hemoglobin compared with oxygen. However, CO at low concentrations was found to have cytoprotective effects through binding of iron-containing enzymes
such as cytochrome P450. Using CO-containing preservation
solution, Nakao et al. demonstrated reduced inflammation and
increased graft survival in treated kidneys prior to transplant
surgery (103). Similar protection was observed with incubation
of lung and intestinal transplants with low concentrations of CO
(5%) and was associated with reduced intragraft inflammation following ischemia/reperfusion injury (IRI) (104, 105). Despite these
experimental data, no clinical trial has yet proven the benefit of
CO administration to explanted grafts prior to transplantation,
as an initial registered trial on ClinicalTrials.gov in 2007 was not
completed (NCT00531856).

Impact of microbes on alloimmunity and
transplant outcome

Another ubiquitous environmental factor that influences immune
responses is the microbiota. Different microbial communities colonize each body site, dependent on oxygen content, moisture, oil
composition, etc. (106). The particular microbial species in any
given community are greatly influenced by environmental factors
such as diet, atmospheric content, and drugs administered. Each
microbial community may influence local and/or distal immunity
differently, as well as metabolize dietary components or drugs differently. Maintenance of a diverse microbiota in adults is usually
correlated with health, which itself may require the right balance
of microbes that promote regulatory immune responses (as has
been shown for consortia of Clostridium species [refs. 107, 108]
and Bacteroides fragilis [ref. 109]) versus conventional effector
functions (as has been shown for the mouse commensal segmented filamentous bacterium; refs. 110, 111).
States of altered microbial composition, termed dysbiosis,
have been associated with pathological conditions such as obesity and inflammatory bowel disease and shown in some cases to
be sufficient to cause pathology (112–114), prompting interest in
determining whether microbial communities could impact transplant outcomes and whether they could be manipulated to influence graft stability. One hint that the microbiota may affect graft
outcome is the clinical and experimental observation that microbial-colonized organs such as the intestine or the lung display worse
outcomes following transplantation than sterile organs such as the
heart and the kidney (115), although other features common to
lung and intestine, including their higher load in donor lymphoid
cells compared with other organs, may play a role in the shorter
half-lives of these grafts.
Analysis of the microbiota has mostly focused on bacterial communities, using either cultivation techniques, amplicon
sequencing of hypervariable regions in the 16S rRNA gene, or shotgun metagenome sequencing of the microbial genome (116). In
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thinking about the microbiota in transplant hosts, one has to keep
in mind that the pathology underlying the need for organ replacement may lead to dysbiosis prior to transplantation. For instance,
using cultivation of select intestinal species, the severity of liver
disease in liver transplant candidates was inversely correlated
with the ratio of Bifidobacterium/Enterococcus species (117). Using
quantitative metagenomics, liver cirrhosis was associated with an
increase in gut bacterial species of buccal origin, and a discrete set
of bacterial genes and their predicted functions appeared distinct
from other pathologies, and were diagnostic of cirrhosis (118).
Moreover, the microbiota of the donor organ, and not only of the
host, may theoretically impact the immune response to the graft.
Initial microbiome studies in the transplant field have focused on
describing changes in microbial communities after transplantation and observing whether there are any signatures associated
with rejection episodes.
Influence of transplantation on the microbiota. Many factors
could theoretically have an effect on microbial composition after
transplantation, including administration of prophylactic antibiotics or antivirals, administration of immunosuppressive drugs,
the initial graft damage from IRI, and the alloimmune response to
the transplanted organ. Regardless of the cause, shifts in bacterial
communities have been repeatedly reported in fecal, oral, or urine
samples of transplant hosts (119–124), most often involving loss of
microbial diversity.
Few studies have directly addressed the impact of immunosuppression on the microbiota. Administration of one dose of the
lymphocyte-depleting agent alemtuzumab in healthy cynomolgus
monkeys perturbed the microbial composition of the intestine, with
increased bacterial and fungal richness correlating with decreased
numbers of intestinal T cells, and a return to pretreatment flora as
T cells repopulated the animals (125, 126). In mice, administration
of prednisolone reduced the Bacteroidetes/Firmicutes ratio, diminished the intestinal antimicrobial defensins RegIIIγ and IL-22,
and induced overgrowth of commensal E. coli and colonization by
uropathogenic E. coli (127). In contrast, changes following administration of mycophenolate mofetil or the calcineurin inhibitor tacrolimus were more subtle and individual-dependent. Studies in
rats and liver transplant patients have associated administration of
tacrolimus with increased intestinal permeability in the short term
(128, 129), which may correct itself at 2–3 years after transplantation
(130). Gingival overgrowth is a common complication of treatment
with the other calcineurin inhibitor cyclosporin A and may be due
to salivary microbial overgrowth (131), perhaps because of reduced
immune-imposed colonization restrictions. Long-term immunosuppression in transplant patients was associated with changes in the salivary bacteriome, increased bacterial richness, and
outgrowth of potentially opportunistic pathogens (132). Systemic
immunosuppression also increased the total load of the virome, the
analysis of which might be useful to monitor immunocompetence
(133). Conversely, the microbiota may affect immunosuppression
dose requirements. A recent study identified significantly greater
abundance of fecal Faecalibacterium prausnitzii in kidney transplant
recipients requiring tacrolimus dose escalation than in patients with
stable dosing (134). The mechanism by which F. prausnitzii may
impact, or if it is a biomarker of other factors that impact, tacrolimus metabolism or intestinal absorption remains to be investigated.
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Microbiota and transplant rejection. Changes in intestinal
bacterial composition have been associated with acute rejection
in animal models and patients, though whether this is a cause
or a consequence of rejection is not known. Following liver
transplantation, rats develop an increase in the Bacteroidetes/
Firmicutes ratio prior to acute rejection, which correlates with
increased intestinal permeability and endotoxin levels (135,
136), suggesting that microbial variation may be used as an early predictor of graft rejection. Interestingly, ischemia preconditioning prior to transplantation, a technique shown to improve
graft function, also improved intestinal barrier function and
restored intestinal microbiota (137). In human intestinal transplantation, a reduction in Firmicutes was associated with acute
rejection (138). One study in kidney transplant patients identified a clear separation in the gut microbial composition of 3
patients who developed acute rejection versus 23 who did not
(139), although other studies have argued that interpersonal variability may be too great in many cases to find recurrent
characteristics of rare clinical events, and therefore longitudinal
patient follow-up may be more indicative of arising problems
(124) than interpersonal comparisons. Longitudinally in lung
transplantation, a return to pretransplant microbial composition, especially a return of Pseudomonas in patients with cystic
fibrosis, was associated with protection against bronchiolitis
obliterans syndrome (140), though some species of Pseudomonas may be protective while others may be detrimental to bronchiolitis obliterans syndrome (141).
Using a murine skin transplantation model, Lei et al. showed
that pretreatment with broad-spectrum antibiotics (Abx) or use
of germ-free mice resulted in prolonged allograft survival (142).
Mechanistically, Abx pretreatment was associated with a diminished APC capacity to activate alloreactive T cells, resulting in
reduced intragraft T cell infiltration. Intriguingly, microbial communities from control but not from Abx-pretreated mice restored
the priming potential of APCs from germ-free mice (142), indicating vastly distinct alloimmune-modulating effects by different microbial communities. In liver transplantation, the microbiota was shown to upregulate immune responses by increasing
Kupffer cell numbers, functional activity, and maturation status,
which were decreased in germ-free and Abx-treated mice (143),
perhaps by enabling portal circulation of microbial molecular patterns from the gut to the liver.
Microbial products and transplant outcome. The mechanisms
by which some microbial communities may influence alloimmunity remain to be determined. Several studies have linked increased
intestinal permeability with worse transplant outcomes, suggesting that microbial products that circulate after transplantation
may modulate local and perhaps distal alloimmunity. Microbial products may include molecular patterns recognized by pattern-recognition receptors (PRRs) expressed on hematopoietic
and nonhematopoietic cells, or metabolic products that may affect
the immune system by a variety of mechanisms. Indeed, absence
in both donor and recipient mice of MyD88, an adaptor molecule
downstream of most TLRs, a family of PRRs, resulted in prolonged survival of minor antigen–mismatched skin grafts (144),
although whether this was due to reduced sensing of damage- or
of microbe-associated molecular patterns remains to be resolved.
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Metabolic products are often codependent on dietary nutrients, microbial composition, and host enzymatic activities
(145). In particular, the functional output of the gut microbiota,
including short-chain fatty acids (SCFAs), amino acids, and secondary biliary acids, is thought to modulate the pathogenesis of
obesity (146). The known roles of some metabolites in immune
cell function support their possible involvement in modulating
alloimmunity. For instance, bile acids were recently reported to
reduce inflammation and metabolic syndrome by inhibiting the
NLRP3 inflammasome (147). SCFAs induced the differentiation
of colonic Tregs and maintained gut Treg homeostasis (148,
149). A reduction in SCFA butyrate was observed after bone
marrow transplantation (BMT), and its administration, or that
of butyrate-producing Clostridia, improved intestinal epithelial
cell junctional integrity and reduced GVHD (150). Moreover,
SCFA administration reduced kidney injury in a mouse model of
IRI, an outcome associated with decreased DC maturation and
T cell proliferation (151). Whether these properties of select bacterial metabolites can be co-opted to improve graft outcomes
should be investigated.
Modifying the microbiota to improve transplant outcomes. Several approaches have been or can be undertaken to modify the
microbiota with potential impact on transplant outcome, though
the mechanisms linking the changes in microbial species to alloimmunity and graft fate are difficult to tease out. Antibiotics are
likely the most effective way to massively change microbial composition. In pediatric BMT, total gastrointestinal decontamination
of allograft recipients has been used to prevent acute GVHD. However, the benefit of this approach has been challenged with the
demonstration that loss of microbiota diversity is associated with
increased lethality in adult BMT (152). Although Abx pretreatment reduced alloimmunity and promoted solid graft survival in
mice (142), a more precise understanding of the specific bacteria
that promote rejection, and perhaps identification of bacteria that
antagonize rejection and that one may want to retain or repopulate after transplantation, are needed. Also, because some bacteria depend on one another for survival (153) or antagonize one
another (154), even narrow-spectrum Abx may have unintended
consequences that will need to be studied.
Administration of prebiotics (nutrients that sustain growth
of select species) and of probiotics (select bacterial species) is
another approach to modify the microbiota. Although administration of probiotics may seem like adding “a drop in the bucket,”
feeding of Bifidobacterium species in mice that lacked this genus
was recently shown to allow establishment of these species in
the gut and improve antitumor immunity in a mouse model of
melanoma (155). In transplantation, administration of probiotics
reduced liver damage in rats following IRI (156) or liver transplantation and correlated with increased intestinal Tregs (157).
Similarly, a meta-analysis of four clinical trials pointed to the
benefit of administering probiotics before or on the day of liver
transplantation in patients (158), with a combination of prebiotics and probiotics being possibly superior to probiotics alone,
and superior to antibiotic-induced intestinal decontamination
(159–161). In malnourished rats, even late probiotic administration several weeks after transplantation was effective at improving intestinal barrier function (162).
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Modifying the diet is another approach to altering the microbiota, though precise control will be difficult to achieve. Nevertheless, in mice with a genetic alteration that resulted in arthritis and
spontaneous development of osteomyelitis that correlated with
intestinal outgrowth of Prevotella, a diet rich in fat and cholesterol decreased levels of gut Prevotella, reduced systemic pro–IL-1β,
and prevented bone erosion (163). This demonstrates that diet can
have a dominant effect over genetic predisposition.
Impact of pathogenic infections on alloimmunity. Although
infections are a less ubiquitous environmental factor than
commensals, their occurrence may also impact graft outcome.
Indeed, infections prior to transplantation can generate memory T cells that in some cases cross-react with alloantigens, a
phenomenon termed heterologous immunity (164, 165). This
increases the frequency of alloreactive T cells and reduces their
susceptibility to immunosuppression. At the time of transplantation, viral infections, bacterial infections, and microbial products have all been shown to prevent the induction of tolerance
by costimulation blockade therapies (reviewed in ref. 166). Even
after establishment of stable tolerance, infection with Listeria
monocytogenes was shown to precipitate rejection in a subset of
mice by eliciting inflammatory cytokines that could increase
alloreactivity (167). Supporting the clinical relevance of these
observations, tolerant patients who went on to reject their graft
after years of stability experienced viral or bacterial infections
prior to the rejection event (168).

potentiating or immunosuppressive. The impact of environmental factors on alloimmunity and graft outcome is just beginning
to emerge, but initial studies addressing how the environment
can affect graft fate are providing new insights into pathways that
fine-tune T cell responses and alloimmunity, and into possible
therapeutic interventions that may improve graft survival. However, many gaps remain in the understanding of the cellular and
molecular mechanisms underlying the observed effects. Because
the microbiota is exquisitely sensitive to changes in diet and other environmental factors, whether changes in microbial communities may be in part responsible for the effect of other environmental factors (Figure 2) remains to be studied. Additionally,
most studies to date have addressed the impact of environmental
factors on the initial priming of naive alloreactive T cells. Whether and how these signals affect alloimmunity in sensitized hosts
or during ongoing immune responses or established tolerance is
an open area of investigation. Finally, how the immune system
integrates cues from donor/host genetic disparities in conjunction with the mounting number of environmental factors that can
modulate alloimmunity will take many years to unravel.

Conclusions
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