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Successful solid organ transplantation reflects meticulous attention to the details of immunosuppression, balancing risks for graft 
rejection against risks for infection. The “net state of immune suppression” is a conceptual framework of all factors contributing 
to infectious risk. Assays that measure immune function in the immunosuppressed transplant recipient relative to infectious risk 
and allograft function are lacking. The best measures of integrated immune function may be quantitative viral loads to assess the 
individual’s ability to control latent viral infections. Few studies address adjustment of immunosuppression during active infections; 
thus, confronted with infection in solid organ recipients, the management of immunosuppression is based largely on clinical expe-
rience. This review examines known measures of immune function and the immunologic effects of common immunosuppressive 
drugs and available studies reporting modification of drug regimens for specific infections. These data provide a conceptual frame-
work for the management of immunosuppression during infection in organ recipients.
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Optimal management of immunosuppression coupled with 
antimicrobial prophylaxis and meticulous clinical care are 
foundations for successful human solid organ transplantation 
(SOT) [1, 2]. The risk for infection in these immunocom-
promised hosts reflects the relationship between epidemio-
logic exposures to potential pathogens and the nature and 
intensity of immunosuppression required to prevent graft 
rejection. The immunological impact of immunosuppressive 
drugs varies based on factors including the genetics of the 
individual’s innate and adaptive immune responses and drug 
metabolism [3]. Using multiple simultaneous or sequential 
agents creates additional complexity. Some measures of an 
individual’s immune deficits are required to assess infectious 
risk to design preventive strategies and manage infections 
[3–6]. Individual infectious risk is captured by a concep-
tual framework, the “net state of immune deficiency,” which 
includes the immunosuppressive regimen and individual 
predisposing factors such as diabetes, renal dysfunction, sur-
gery, or nutritional deficits [7, 8]. In SOT, a key challenge is 
the absence of standardized assays to assess simultaneously 

an individual’s risk for graft rejection and infection. Clinical 
judgment remains essential.

This review describes the effects of common immunosup-
pressive agents and summarizes data on management of immu-
nosuppression during infection in transplant recipients.

MEASURING THE NET STATE OF IMMUNE 
SUPPRESSION

Drug Levels

Objective measurements of the net state of immune suppres-
sion are needed to minimize infectious risk and optimize im-
munosuppression. Measurement of immunosuppressive drug 
levels is used to avoid drug toxicities, graft rejection, and infec-
tion. Trials examining infectious outcomes relative to drug level 
targets are scarce. Infection was more common with higher 
overall calcineurin-inhibitor (CNI) trough concentrations after 
kidney transplantation; multiple shifts in immunosuppression 
obscures interpretation [9]. Correlations exist between rates of 
herpesvirus infections and mycophenolate levels [10]. Several 
trials reported infection-related outcomes for various immu-
nosuppressive combinations but lack simultaneous drug levels 
[11, 12]. For many drugs, treatment is based on weight-based 
dosing or end effect (eg, reversal of rejection, T-cell depletion) 
without measurable levels (eg, corticosteroids, antibody-based 
therapies, costimulatory blockade). Similarly, mycophenolate 
dosing in the absence of therapeutic drug metabolism studies 
may be predicated on racial differences in drug metabolism or 
end effect [13–15].
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Immune Function Assays

Immune function assays are used to supplement drug levels. 
Some basic methods are useful, including white blood cell 
counts, cell differentials, and T-lymphocyte subsets. Reduced 
CD4+ and CD8+ T-lymphocyte counts risk opportunistic in-
fection and cytomegalovirus (CMV) posttransplant [16–19]. 
Similarly, low total lymphocyte counts pretransplant iden-
tify individuals at increased infectious risk [20, 21]. Low total 
lymphocyte counts after CMV treatment predicts increased 
risk for relapse [22]. In vitro assays associate reduced natural 
killer cell function with more severe infections [23]. Markers 
of T-cell exhaustion in response to chronic antigenic stimula-
tion (eg, PD-1) and cytokine levels (eg, interleukin-10) corre-
late with immune responses to specific antigens [24]. Similarly, 
the degree of T-cell commitment and antibody levels against 
specific pathogens are markers of immune responsiveness [25]. 
Hypogammaglobulinemia, reduced serum complement com-
ponent 3 and mannose binding lectin (MBL) deficiency are 
associated with increased infectious risk after SOT [26–39]. 
Immunoglobulin replacement is common with immunoglob-
ulin deficiency despite the absence of data demonstrating ben-
efit [40].

Given the complexity of immune responses required to re-
solve infection, functional assays reflecting integration of innate 
and adaptive immune components are desirable. The only as-
says that measure all limbs of coordinated immune responses 
are measurements of circulating viral loads (eg, intrinsic anti-
herpesvirus immunity). Lifetime viral infections are normally 
suppressed by an integrated immune response. Quantitative 
molecular viral loads in blood measure the effectiveness of im-
mune responses [41–43]. Host immunity during viral infection 
may be reestablished in SOT by reduction in immunosuppres-
sion. Rejection may occur, but does so less often than expected, 
possibly because of immunosuppressive indirect effects of virus 
[3, 44]. This is best described for Epstein-Barr virus (EBV) 
as well as for CMV, varicella zoster, and herpes simplex virus 
[41–43, 45, 46]. The presence of viremia (quantitative viral 
loads for CMV, EBV, or human herpesvirus 6 or 7 or BK and 
JC polyomaviruses) suggests overimmunosuppression relative 
to specific viral strains, the intensity of infection, and coordi-
nation of host immune responses [3]. Although viremia reflects 
the intensity of immunosuppression, this has not been simul-
taneously correlated with the adequacy of immunosuppression 
for graft maintenance. The presence of viremia may suggest a 
need for reductions in immunosuppression or antiviral pro-
phylaxis. Viremia is common in transplant recipients; up to 
30% of individuals with viremia have 2 or more viruses circu-
lating at any one time. In 1 study in pediatric renal recipients, 
viremia occurred in 73% (EBV, 34%; CMV, 23%; BK, 23%; and 
JC, 21%) [47]. Torque teno virus (TTV, an anellovirus) is ubiq-
uitous but of unknown pathogenic significance. TTV viremia is 
related to the degree of immunosuppression; higher TTV levels 

are associated with reduced allograft rejection but heightened 
risk for infection [48–52]. Experience is limited and TTV levels 
have not been examined in interventional trials of immunosup-
pression. Related pathogen-specific quantitative measures of 
immune function, primarily focused on CMV-specific immu-
nity, allow stratification of risk for CMV disease after comple-
tion of antiviral prophylaxis [53–57].

Soluble CD30 (sCD30) has been investigated as a marker 
of T-cell function. Mouse models and human studies dem-
onstrate association of low levels of sCD30 with risk for graft 
rejection [58]. In 100 cardiac recipients, lower pretransplant 
sCD30 levels were associated with increased posttransplant in-
fections and higher levels with reduced infection up to 2 years’ 
posttransplant; there was no relationship with rejection [59, 
60]. Similarly, in 586 patients, higher sCD30 levels before 
kidney transplant predicted lower rates of rejection, and lower 
levels with higher risk of pneumonia [61]. Results vary. One 
study of 652 patients before kidney transplant found no cor-
relation between pretransplant sCD30 and allograft rejection 
[62]. A meta-analysis found poor correlation between sCD30 
and acute rejection [63]. Thus, available data do not yet support 
sCD30 as a tool for immunosuppressive management.

Stimulated intracellular adenosine triphosphate levels (iATP) 
are used as indicators of global T-cell function. Prospective 
studies are limited with discordant results obtained regarding 
infectious risk in SOT. In 248 liver recipients, low iATP was as-
sociated with invasive fungal infection, but not bacterial infec-
tion [64]. In 100 kidney recipients, lower iATP was associated 
with CMV disease, but not bacterial infections [65]. Meta-
analyses of iATP studies found discordant results [66–68]. The 
clinical utility of this tool remains uncertain.

An assay combining adaptive and innate immune functions 
used plasma interferon-gamma (IFN-γ) release after whole 
blood stimulation with various antigens [69, 70]. In 137 pa-
tients, IFN-γ levels were significantly lower in those with infec-
tion episodes up to 6 months posttransplant; rejection episodes 
did not correlate with IFN-γ level [70]. Assay-based interven-
tional trials are needed.

Without assays predictive of infectious risk, composite scores 
of natural killer cell number, immunoglobulin levels, comple-
ment levels, T-cell subsets or function, neutrophil function, 
and CMV status have been proposed [71–77]. The composite 
“immune risk profile” (IRP) includes a positive CMV serology 
with at least 1 of CD4/CD8 ratio <1 and/or CD8 T-cell count 
>90th percentile. IRP-positive patients demonstrated more 
pronounced immune senescence with greater frequencies of 
both opportunistic infections (hazard ratio, 2.97 [95% confi-
dence interval, 1.53–5.76], P = .001) and severe bacterial infec-
tion (hazard ratio, 2.33 [95% confidence interval, 1.34–3.92], 
P = .008). Acute rejection rates were less frequent in IRP+ pa-
tients. The assay has not been reported in management of im-
munosuppression [75, 77].
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Immunoregulatory Genes, Comorbid Conditions, and Dysbiosis

The association of allelic variants of immunoregulatory genes 
for innate and adaptive immune function, or for colonization 
or invasion of specific pathogens (eg, Aspergillus species) may 
allow refinement of individual immune assessments. The liver-
derived lectin pathway of complement activation is an effector 
of innate immunity; genetic polymorphisms determine func-
tional activity. Single-nucleotide polymorphisms in genes for 
MBL2, ficolin-2, and MBL-associated serine protease 2 of re-
cipients and donors were each associated with 2-fold increased 
risks for infection. Liver recipients with donor polymorphisms 
in all 3 components had a 75% risk for infection compared with 
18% for wild-type livers. Cumulative increases in infectious 
risk were observed with multiple allelic variants and were as-
sociated with up to 6-fold higher mortality (P = .9 × 10–8); 80% 
were infection-related [31, 33, 38]. Other innate immune ge-
netic polymorphisms are associated with specific infections (eg, 
Toll-like receptor-4 is associated with increased risk of CMV 
disease) [36, 37]. Polymorphisms of nucleotide binding oligo-
merization domain containing 2 (NOD2) was associated with 
increased infectious risk after liver-intestinal transplant [34, 
35]. Increased risk of viral infections was found with certain 
cytotoxic T-lymphocyte associated protein 4 polymorphisms 
[39]. Pentraxin 3 (PTX3) is a soluble pattern recognition re-
ceptor produced by neutrophils, dendritic cells, macrophages, 
and epithelial cells. Genetic polymorphisms in PTX3 are asso-
ciated with increased invasive mold infections in SOT [78]. Risk 
for colonization and invasive mold infection is cumulatively af-
fected by genes encoding PTX3, interleukin 1β, interleukin 1 
receptor antagonist, and β-defensin 1 [78].

Underlying medical comorbidities play a significant role 
as “immune background.” Contributions to infectious risk of 
common comorbidities such as diabetes are difficult to quantify 
[79, 80]. Diabetes is a risk factor for perioperative infection [81–
83]. Other contributors include nutritional status, pretransplant 
dialysis, and obesity [84–87]. Individuals with systemic lupus 
erythematosus, polymyalgia rheumatica, and giant cell ar-
teritis have infectious risks that increase with disease activity 
independent of immunosuppressive therapy [88–90]. The risk 
of infection in systemic lupus erythematosus is assessed by 
composite scores that require validation in SOT [91–93]. The 
heightened risk of infection in autoimmune disease is com-
pounded by immunosuppressive therapies with prolonged dur-
ations of effect (eg, rituximab, tocilizumab). The contribution 
of underlying autoimmune conditions to immunodeficiency in 
SOT must be considered, but cannot be quantified [7].

The microbiome has emerged as an important determi-
nant of immune function. Dysbiosis is common because 
of immunosuppression, antibiotics, and surgery [94–97]. 
Reduced gastrointestinal butyrate-producing bacteria in 
kidney recipients was associated with increased viral respi-
ratory infections [98]. Transplantation of skin between mice 

demonstrated prolonged graft survival in germ free and anti-
biotic pretreated mice compared with mice with normal flora. 
This effect was associated with alloreactive T-cell priming in 
untreated mice, suggesting a role of the microbiome in al-
lograft rejection [99]. Similarly, obese mice demonstrated 
enhanced allograft rejection [100]. Modification or normal-
ization of allograft recipients’ microbial patterns may reduce 
graft rejection and modify the immunosuppression required 
for graft maintenance [101–104].

Although there are many tools that measure various aspects of 
immunity, none, individually or in aggregate, have been shown 
to guide clinical decisions regarding infectious risk versus graft 
rejection. Hence, management of immunosuppression during 
infection has largely been based on clinical experience.

IMMUNE EFFECTS OF COMMON 
IMMUNOSUPPRESSIVE AGENTS IN 
TRANSPLANTATION

Management of immunosuppression during infection re-
quires a basic understanding of the effects of individual agents. 
These are outlined (Tables 1–3) as a foundation for clinical 
decision-making.

STUDIES ON REDUCTION OF 
IMMUNOSUPPRESSION IN INFECTION

It is instinctive for clinicians to reduce immunosuppression in 
the face of infection (Table 4). Sepsis, graft infection (eg, py-
elonephritis, hepatitis, pneumonia), or systemic inflammation 
(eg, coronavirus disease 2019 [COVID-19]) may coexist with, 
or be indistinguishable from, graft rejection. Clinical data on 
management of immunosuppression are limited (Table 4). 
Immunosuppressive strategies vary widely; judgments for spe-
cific patients are based largely on infectious patterns under spe-
cific regimens. With infection in SOT, considerations include:

 1. The role of immunosuppression in the pathogenesis of 
infection.

 2. Likelihood that infection can be resolved without reduced 
immunosuppression.

 3. Risk for graft rejection with reduced immunosuppression.
 4. Risk of immune reconstitution syndromes.

Several common infectious syndromes merit consideration:

 1. Management of chronic viral infections normally controlled 
by the immune system for which antiviral therapies exist (eg, 
CMV, EBV, varicella zoster, herpes simplex virus, hepatitis B 
[HBV], hepatitis C)

 2. Opportunistic infections requiring immune responses for 
resolution (eg, tuberculosis, nontuberculous mycobac-
teria, Nocardia spp., Pneumocystis jirovecii, invasive fungal 
infections)
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 3. Severe life-threatening infections (eg, bacterial sepsis, 
COVID-19)

 4. Infections lacking specific therapies, cure relying on immune 
responses (eg, Norovirus, cryptosporidiosis, BK virus, JC 
virus (progressive multifocal leukoencephalopathy [PML]), 
COVID-19, hepatitis E virus)

 5. Common bacterial and fungal (eg, Candida spp.) infections 
(ie, pneumonia, cholangitis, endocarditis) for which ther-
apies exist.

Chronic Viral Infections

Optimal approaches to manipulation of immunosuppression 
with viral activation are based largely on anecdotal evidence. 
Most are largely controlled by T-cell–mediated immunity. 
Depending on the latency program for each virus, viral replica-
tion and viremia may emerge with waning immune surveillance. 
Donor-derived CMV infection emerges in more than one-half 
of immunologically naïve transplant recipients without prophy-
laxis, whereas CMV reactivation in immune recipients is less 
common with risk determined by the intensity of immunosup-
pression [229, 230]. The immunological or “indirect effects” of 
CMV (and other viral) activation are associated with increased 

rates of graft rejection and opportunistic infections [44, 230, 
231]. For CMV, effective antiviral therapy permits maintained 
immunosuppression during treatment. Reduced immunosup-
pression may be required with refractory/resistant CMV disease 
or for recurrent infection; less intense immunosuppression is 
associated with more successful outcomes [232]. Reduction in 
CNI to reestablish T-cell function (or antiproliferative agents 
with neutropenia) might be considered. The intensity of cor-
ticosteroid therapy is also correlated with the risk for CMV di-
sease [233]. CMV risk is amplified by T-cell–depleting agents 
and high-dose corticosteroids for graft rejection and may pre-
dispose to subsequent fungal infections [44, 234]. Mechanistic 
target of rapamycin (mTOR) inhibitors may reduce rates of 
CMV infection; this effect is not universally observed and a role 
in therapy merits further study [235]. More aggressive reduc-
tions may be required for resolution in thoracic transplant re-
cipients than in renal recipients, but risks rejection. Belatacept 
has been associated with greater difficulty in treatment of CMV 
infections. The role of the humoral immune system in CMV 
infections is increasingly appreciated.

EBV infection is associated with posttransplant 
lymphoproliferative disorder (PTLD). Belatacept suppression 

Table 1. Mechanisms of Action of Common Immunosuppressive Therapies

Mechanism Immune Target

Calcineurin inhibitors 
(cyclosporine and 
tacrolimus)

Cyclosporine binds cyclophilins and tacrolimus binds FKBP12 
(FK-506 binding protein 12) with a resultant molecular com-
plex that competitively inhibits calcineurin [105, 106]

Calcineurin inhibition results in inhibition of gene transcription in 
nuclear factor activated T-cells region in a broad range of cells 
including T cells, B cells, and all myeloid lineage cells [107].

MMF Mycophenolate inhibits IMPDH in purine synthesis [108]. IMPDH inhibition with resultant impaired purine synthesis has 
broad effects in T cells, B cells, dendritic cells, monocytes, and 
macrophages [108]. 

Azathioprine Azathioprine is metabolized to 6MP with resultant compounds 
(6-methyl-MP and 6-thiogunaine) being incorporated into 
DNA of replicating cells as well as inhibiting purine synthesis 
[109].

Inhibits DNA synthesis, impairing B- and T-cell proliferation [109, 
110].

mTOR inhibitors Binds FKBP-12 to create sirolimus-FKBP12 complex, which 
binds and inhibits mTOR [111].

Inhibition of regulatory kinase, mTOR, with resultant impairment 
of cell cycle at G1-S phase [111]. Impairs IL-2–dependent and 
CCD-28–dependent pathways to T-cell progression through cell 
cycle [112, 113].

Glucocorticoids Bind intracellular glucocorticoid receptor [114]. Alteration of gene regulation with resultant alteration in cell func-
tion, indirect effects via alterations in cytokine release and cell 
signalling [114].

Belatacept Fusion protein of cytotoxic T-lymphocyte associated protein- 
4-immunoglobulin, preventing T-cell co-stimulation [115].

Blocks CD28 binding to CD80/CD86 thereby preventing 
co-stimulation required for T-cell activation [115].

ATG Polyclonal immunoglobulin G that has been immunized with 
human thymocyte and T-cell lines [116].

Broad antigen target depletes T cells through complement- 
mediated or activation-associated destruction [116]. 

Basiliximab IL-2 receptor antibody. Binds to IL-2 receptor antibodies (anti-CD-25) on T cells, compet-
itively inhibiting IL-2 binding to IL-2 receptor and thus inhibiting 
IL-2 dependent T-cell proliferation [117].

Alemtuzumab Anti-CD52 monoclonal antibody. Binds to CD-52 producing antibody dependent lysis in T-cells and 
B-cells [118]

Anti-CD20 (rituximab) Anti-CD20 monoclonal antibody. Binds to CD-20 producing B-cell depletion via a variety of mechan-
isms including antibody dependent cytotoxicity and antibody- 
dependent cellular cytotoxicity [119].

Eculizumab Anti-complement (C5) monoclonal antibody. Prevents cleavage of C5 into C5a and C5b and thus prevents for-
mation of membrane attack complex [120].

Anti-IL-6 inhibitors 
(eg, tocilizumab)

IL-6 receptor antagonist Bind soluble and membrane bound IL-6 receptors, thus inhibiting 
the action of cytokine IL-6 [121].

Abbreviations: ATG, Anti-thymocyte globulin; IL, interleukin; IMPDH, inosine-5′-monophosphate dehydrogenase; MMF, mycophenolate mofetil; mTOR, mechanistic target of rapamycin.
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of seronegative organ recipients has been associated with atyp-
ical EBV infections, including central nervous system PTLD 
[236]. Monitoring of quantitative EBV viral loads in seroneg-
ative recipients of seropositive organs, combined with early 
reduction of immunosuppression, are cornerstones of manage-
ment of EBV viremia and PTLD [209, 210, 237, 238]. For PTLD, 
marked reductions in immunosuppression other than cortico-
steroids, especially with chemotherapy or anti-CD20 therapy, 
are well tolerated in terms of graft function; graft rejection may 
be observed as immune function returns with viral suppression. 
HBV immune control requires humoral and cell-mediated im-
munity; reactivation is associated with humoral dysfunction 
produced by rituximab [239]. HBV reactivation can generally be 
prevented with vaccination, prophylaxis, and antiviral agents.

Use of virus-specific immunotherapies has expanded to 
augment available antiviral agents and immune modulation. 
Passive immunization with human immunoglobulins may be of 
some use in prophylaxis for CMV and therapeutic monoclonal 
antibodies are under study [240, 241]. Adoptive T-cell therapies 
for 1 or more common viral pathogens have been used clini-
cally, especially for refractory infections. The need for adjust-
ment of immunosuppressive therapy during cellular therapies 
has not been demonstrated.

Opportunistic Infections

The contribution of specific agents to development of specific 
opportunistic infections is a good guide to modification of im-
munosuppression. The potential anatomic impact of immune 
reconstitution merits consideration [242]. Corticosteroids have 
greatest immediate impact on innate immunity and are per-
missive to invasive molds, Pneumocystis, and Nocardia spp. 
Corticosteroid reductions have immediate effects on inflam-
matory responses, but provoke immune reconstitution syn-
dromes, notably in the central nervous system, mediastinum, 
and other restricted anatomic sites. Thus, in cryptococcal men-
ingitis or pulmonary Histoplasma or Pneumocystis infections, 
initial reductions in CNIs may be preferred. Reductions of im-
munosuppression are required in invasive or refractory fungal 

infections [243] such as Scedosporium or Mucorales spp. with 
fungicidal antimicrobials. Surgical resection and treatment 
of coexisting CMV infection, reestablished innate immunity 
(initially reduced corticosteroids and mycophenolate mofetil 
[MMF]; subsequent CNI reductions to protect renal function) 
and monitoring for reconstitution effects and graft function are 
required [222].

Tuberculosis is common in endemic regions without em-
piric prophylaxis [244]. Despite the frequency of tuberculosis, 
few data exist to guide immunosuppressive management. 
Resolution of tuberculosis requires intact innate and adaptive 
immunity with minimization of immunosuppression and treat-
ment of intercurrent CMV infections. Tuberculous meningitis 
may preclude rapid reductions in immunosuppression (notably 
corticosteroids) given risks of ventricular obstruction and hy-
drocephalus with immune reconstitution [245, 246].

Humoral and innate immune responses are required for res-
olution of recurrent bacterial infections. Repletion of antibody 
levels may be useful. The humanized anti‐CD52–depleting 
monoclonal antibody alemtuzumab has a profound and often 
enduring effect on multiple limbs of the immune system in-
cluding T and B lymphocytes, natural killer cells, monocytes, 
and dendritic cells and is most often associated with pneumo-
cystis pneumonia and bacterial infections [247, 248]. Recurrent 
infections suggest contributing factors beyond immunosup-
pression including anatomic and circulatory defects, diabetes, 
anastomotic issues, or infected prosthetic materials.

Severe, Acute Life-threatening Infections

The management of acute infections such as sepsis in SOT re-
quires innate immune reconstitution, avoiding adrenal insuf-
ficiency. For adrenal insufficiency, hydrocortisone is preferred 
and is less suppressive than prednisone [249]. Reduction in 
CNIs and antiproliferative agents may be beneficial (and re-
duce nephrotoxicity) acutely. In certain infections such as 
Pneumocystis or COVID-19 pneumonias or Streptococcus 
pneumoniae meningitis, adjunctive steroids may be useful 
[250, 251]. Acute graft rejection is uncommon with temporary 

Table 3. Summary of Immunosuppressive Agents and Immune Function

Innate Immune Function Cell-mediated Immunity Humoral Immunity

Calcineurin inhibitors Impaired + Impaired +++ Impaired ++

Mycophenylate Slightly impaired +/- Impaired +++ Impaired ++

Azathioprine Possibly impaired +/- Impaired +++ Impaired ++

Mechanistic target of rapamycin inhibitors Impaired ++ Impaired +++ Impaired +

Corticosteroids Impaired +++ Impaired +++ Impaired +++

Antithymocyte globulins Impaired + Impaired +++ Impaired ++

Basiliximab Unknown Impaired +++ Unknown

Alemtuzumab Minimal - Impaired +++ Impaired ++

Rituximab Minimal Possibly impaired +/- Impaired +++

Eculizumab Impaired +++ Possibly impaired +/- Possibly impaired +/-

Interleukin-6 antagonists Impaired ++ Possibly impaired +/- Impaired +
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cessation of immunosuppression other than steroids in sepsis; 
survival may improve with immunosuppression withdrawal 
even in the early posttransplant period [228]. Resumption of 
immunosuppression as sepsis resolves can preempt rejection 
[208]. Specific modifications in immunosuppression in this set-
ting are unstudied.

Common infections such as pneumonia, urinary tract in-
fection, or cellulitis are generally managed without immuno-
suppression reductions; therapy may be prolonged in SOT. 
Restoration of immune function may aid clearance for patho-
gens lacking antimicrobial therapies (eg, multidrug-resistant 
organisms); optimal strategies are unclear.

Chronic Infections Without Specific Therapy

Chronic infections of SOT include norovirus and cryptosporidial 
and microsporidial infections, hepatitis E, BK virus, and PML. 
Optimal strategies for immune manipulation are unknown; re-
ductions in immunosuppression have demonstrated some suc-
cess [215, 225, 252]. For norovirus diarrhea, hypotension from 
volume loss may complicate renal function [227]. Given the 
frequency of diarrhea in mycophenolate toxicity, MMF is often 
reduced, switched to another formulation or to azathioprine, 
or discontinued [225, 227, 252]. Over time, CNI reduction and 
reconstitution of the microbiota may assist eradication [253]. 
Antiviral immunotherapy is under study. Hepatitis E and PML 
may respond to improvement in cellular immunity; optimal 
strategies are unknown.

BK polyomavirus (BKPyV) infection affects almost exclu-
sively renal transplantation; antiviral therapy for BK virus 
nephropathy is ineffective. For sustained high or rising levels of 
plasma BKPyV-DNAemia or biopsy-proven BK nephropathy, 
stepwise reduction in immunosuppression is used to preempt 
disease progression [211–214]. Strategies for such reductions 
often include gradual reductions in mycophenolate and CNI 
(or mTOR switch) based on viral loads [254]. Unexplained 
rises in serum creatinine merit BKPyV studies before empiric 
treatment for graft rejection. Graft rejection may coexist with 
BK nephropathy or result from such reductions; judicious in-
creases in immunosuppression may be attempted and lympho-
cyte depletion used if essential.

A recent challenge is management of acute COVID-19 infec-
tion resulting from severe acute respiratory syndrome corona-
virus 2 in SOT. Features of this infection include lymphopenia, 
cytokine-driven inflammatory syndromes, and severe lung in-
jury with multiorgan dysfunction. It remains unknown whether 
transplant immunosuppression is protective or is detrimental—
and how to adjust immune suppression to augment viral 
clearance. Most published experience has modestly reduced im-
munosuppression. Use of additional anti-inflammatory agents 
such as dexamethasone in the immunosuppressed SOT popu-
lation may risk hospital-acquired and ventilator-associated in-
fections including those due to Aspergillus species [255–259].
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CONCLUSION

The lack of quantitative measures of immune function relative 
to both allograft function and infectious risk poses a challenge 
for transplant clinicians. Conceptual measures of individual 
infectious risks cannot account for genetic predispositions to 
infection or the immune effects of immunosuppressive agents 
or infection. A  useful approach includes understanding the 
effects of immunosuppressive agents in titrating drugs when 
confronted with infection in SOT. Modification of immunosup-
pression is most useful in augmenting T-cell functions during 
viral infections or of innate immune function in bacterial or 
fungal infections. In the absence of effective antimicrobial ther-
apies, all limbs of the immune system may require reconstitu-
tion, risking graft rejection or acute inflammatory responses. 
Incorporation of immunotherapy in such cases may be benefi-
cial. Studies are needed of management of immunosuppression 
with infection in transplant recipients.

Notes
Acknowledgments. J.  A. F.  is a consultant for Sfunga Inc, CTI Inc, 

eGenesis, Bain Capital, Jura Inc, and Well Medical and has support from 
National Institute of Allergy and Infectious Diseases, National Institutes of 
Health; J.  A. F.  reports personal fees from eGenesis, Roche, Merck, Bain 
Capital, CTI/Angion, Optum Healthcare, UptoDate, and AM J Transplant 
and nonfinancial support from Jura and Well Inc outside the submitted 
work. M. R. has no potential conflicts.

Potential conflicts of interest. The authors: No reported conflicts of 
interest. Both authors have submitted the ICMJE Form for Disclosure of 
Potential Conflicts of Interest. 

References
1. Halloran PF. Immunosuppressive drugs for kidney transplantation. N Engl J Med 

2004; 351:2715–29.
2. Ferrara JL, Levine JE, Reddy P, Holler E. Graft-versus-host disease. Lancet 2009; 

373:1550–61.
3. Fishman JA. Infection in organ transplantation. Am J Transplant 2017; 17:856–79.
4. Vajdic CM, McDonald SP, McCredie MR, et al. Cancer incidence before and after 

kidney transplantation. JAMA 2006; 296:2823–31.
5. Falagas  ME, Manta  KG, Betsi  GI, Pappas  G. Infection-related morbidity and 

mortality in patients with connective tissue diseases: a systematic review. Clin 
Rheumatol 2007; 26:663–70.

6. Engels EA, Pfeiffer RM, Fraumeni JF Jr, et al. Spectrum of cancer risk among US 
solid organ transplant recipients. JAMA 2011; 306:1891–901.

7. Fishman JA. Infection in solid-organ transplant recipients. N Engl J Med 2007; 
357:2601–14.

8. Fishman JA, Rubin RH. Infection in organ-transplant recipients. N Engl J Med 
1998; 338:1741–51.

9. Ekberg H, Tedesco-Silva H, Demirbas A, et al.; ELITE-Symphony Study. Reduced 
exposure to calcineurin inhibitors in renal transplantation. N Engl J Med 2007; 
357:2562–75.

10. Le Meur Y, Büchler M, Thierry A, et al. Individualized mycophenolate mofetil 
dosing based on drug exposure significantly improves patient outcomes after 
renal transplantation. Am J Transplant 2007; 7:2496–503.

11. Pascual  J, Berger  SP, Witzke  O, et  al.; TRANSFORM Investigators. Everolimus 
with reduced calcineurin inhibitor exposure in renal transplantation. J Am Soc 
Nephrol 2018; 29:1979–91.

12. Vincenti  F, Rostaing  L, Grinyo  J, et  al. Belatacept and long-term outcomes in 
kidney transplantation. N Engl J Med 2016; 374:333–43.

13. Neylan  JF. Immunosuppressive therapy in high-risk transplant patients: dose-
dependent efficacy of mycophenolate mofetil in African-American renal al-
lograft recipients. U.S. Renal Transplant Mycophenolate Mofetil Study Group. 
Transplantation 1997; 64:1277–82.

14. Li P, Shuker N, Hesselink DA, van Schaik RH, Zhang X, van Gelder T. Do 
Asian renal transplant patients need another mycophenolate mofetil dose 

compared with Caucasian or African American patients? Transpl Int 2014; 
27:994–1004.

15. Tornatore KM, Sudchada P, Dole K, et al. Mycophenolic acid pharmacokinetics 
during maintenance immunosuppression in African American and Caucasian 
renal transplant recipients. J Clin Pharmacol 2011; 51:1213–22.

16. Fernández-Ruiz M, López-Medrano F, Allende LM, et al. Kinetics of peripheral 
blood lymphocyte subpopulations predicts the occurrence of opportunistic infec-
tion after kidney transplantation. Transpl Int 2014; 27:674–85.

17. Carter  JT, Melcher  ML, Carlson  LL, Roland  ME, Stock  PG. Thymoglobulin-
associated Cd4+ T-cell depletion and infection risk in HIV-infected renal trans-
plant recipients. Am J Transplant 2006; 6:753–60.

18. Calarota SA, Zelini P, De Silvestri A, et al. Kinetics of T-lymphocyte subsets and 
posttransplant opportunistic infections in heart and kidney transplant recipients. 
Transplantation 2012; 93:112–9.

19. Calarota SA, Chiesa A, De Silvestri A, et al. T-lymphocyte subsets in lung trans-
plant recipients: association between nadir CD4 T-cell count and viral infections 
after transplantation. J Clin Virol 2015; 69:110–6.

20. Fernández-Ruiz M, López-Medrano F, Romo EM, et al. Pretransplant lympho-
cyte count predicts the incidence of infection during the first two years after liver 
transplantation. Liver Transpl 2009; 15:1209–16.

21. Nierenberg NE, Poutsiaka DD, Chow JK, et al. Pretransplant lymphopenia is a 
novel prognostic factor in cytomegalovirus and noncytomegalovirus invasive in-
fections after liver transplantation. Liver Transpl 2014; 20:1497–507.

22. Gardiner  BJ, Nierenberg  NE, Chow  JK, Ruthazer  R, Kent  DM, Snydman  DR. 
Absolute lymphocyte count: a predictor of recurrent cytomegalovirus disease in 
solid organ transplant recipients. Clin Infect Dis 2018; 67:1395–402.

23. Dendle C, Gan PY, Polkinghorne KR, et al. Natural killer cell function predicts se-
vere infection in kidney transplant recipients. Am J Transplant 2019; 19:166–77.

24. Yi JS, Cox MA, Zajac AJ. T-cell exhaustion: characteristics, causes and conversion. 
Immunology 2010; 129:474–81.

25. Blank  CU, Haining  WN, Held  W, et  al. Defining ‘T cell exhaustion’. Nat Rev 
Immunol 2019; 19:665–74.

26. Augusto  JF, Garnier  AS, Demiselle  J, et  al. Hypogammaglobulinemia and risk 
of severe infection in kidney transplant recipients. Transpl Infect Dis 2016; 
18:741–51.

27. Kawut  SM, Shah  L, Wilt  JS, et  al. Risk factors and outcomes of 
hypogammaglobulinemia after lung transplantation. Transplantation 2005; 
79:1723–6.

28. Florescu DF, Kalil AC, Qiu F, Schmidt CM, Sandkovsky U. What is the impact 
of hypogammaglobulinemia on the rate of infections and survival in solid organ 
transplantation? A meta-analysis. Am J Transplant 2013; 13:2601–10.

29. Sarmiento E, Diez P, Arraya M, et al. Early intravenous immunoglobulin replace-
ment in hypogammaglobulinemic heart transplant recipients: results of a clinical 
trial. Transpl Infect Dis 2016; 18:832–43.

30. Fernández-Ruiz M, López-Medrano F, Varela-Peña P, et al. Hypocomplementemia 
in kidney transplant recipients: impact on the risk of infectious complications. 
Am J Transplant 2013; 13:685–94.

31. Bouwman  LH, Roos  A, Terpstra  OT, et  al. Mannose binding lectin gene 
polymorphisms confer a major risk for severe infections after liver transplanta-
tion. Gastroenterology 2005; 129:408–14.

32. Verschuren  JJ, Roos  A, Schaapherder  AF, et  al. Infectious complications after 
simultaneous pancreas-kidney transplantation: a role for the lectin pathway of 
complement activation. Transplantation 2008; 85:75–80.

33. Worthley DL, Johnson DF, Eisen DP, et al. Donor mannose-binding lectin defi-
ciency increases the likelihood of clinically significant infection after liver trans-
plantation. Clin Infect Dis 2009; 48:410–7.

34. Saner FH, Nowak K, Hoyer D, et al. A non-interventional study of the genetic 
polymorphisms of NOD2 associated with increased mortality in non-alcoholic 
liver transplant patients. BMC Gastroenterol 2014; 14:4.

35. Ningappa M, Higgs BW, Weeks DE, et al. NOD2 gene polymorphism rs2066844 
associates with need for combined liver-intestine transplantation in children with 
short-gut syndrome. Am J Gastroenterol 2011; 106:157–65.

36. de Mare-Bredemeijer EL, Mancham S, Utomo WK, et al. Genetic polymorphisms 
in innate immunity receptors do not predict the risk of bacterial and fungal in-
fections and acute rejection after liver transplantation. Transpl Infect Dis 2013; 
15:120–33.

37. Cervera C, Lozano F, Saval N, et al. The influence of innate immunity gene re-
ceptors polymorphisms in renal transplant infections. Transplantation 2007; 
83:1493–500.

38. de Rooij BJ, van Hoek B, ten Hove WR, et al. Lectin complement pathway gene 
profile of donor and recipient determine the risk of bacterial infections after 
orthotopic liver transplantation. Hepatology 2010; 52:1100–10.

39. Guo Y, Guo F, Wei C, et al. CTLA4 gene polymorphisms influence the incidence 
of infection after renal transplantation in Chinese recipients. PLoS One 2013; 
8:e70824.



Immunosuppression and Infection in Transplant • cid 2021:73 (1 October) • 1313

40. Compagno N, Malipiero G, Cinetto F, Agostini C. Immunoglobulin replacement 
therapy in secondary hypogammaglobulinemia. Front Immunol 2014; 5:626.

41. Sund F, Lidehäll AK, Claesson K, et al. CMV-specific T-cell immunity, viral load, 
and clinical outcome in seropositive renal transplant recipients: a pilot study. Clin 
Transplant 2010; 24:401–9.

42. Preiksaitis JK, Hayden RT, Tong Y, et al. Are we there yet? Impact of the first in-
ternational standard for cytomegalovirus DNA on the harmonization of results 
reported on plasma samples. Clin Infect Dis 2016; 63:583–9.

43. Semenova T, Lupo J, Alain S, et al. Multicenter evaluation of whole-blood Epstein-
Barr viral load standardization using the WHO international standard. J Clin 
Microbiol 2016; 54:1746–50.

44. Sen P, Wilkie AR, Ji F, et al. Linking indirect effects of cytomegalovirus in trans-
plantation to modulation of monocyte innate immune function. Sci Adv 2020; 
6:eaax9856.

45. Eid AJ, Brown RA, Arthurs SK, et al. A prospective longitudinal analysis of cyto-
megalovirus (CMV)-specific CD4+ and CD8+ T cells in kidney allograft recipi-
ents at risk of CMV infection. Transpl Int 2010; 23:506–13.

46. Smith TF, Espy MJ, Mandrekar J, Jones MF, Cockerill FR, Patel R. Quantitative 
real-time polymerase chain reaction for evaluating DNAemia due to cytomegalo-
virus, Epstein-Barr virus, and BK virus in solid-organ transplant recipients. Clin 
Infect Dis 2007; 45:1056–61.

47. Ettenger R, Chin H, Kesler K, et al. Relationship among viremia/viral infection, 
alloimmunity, and nutritional parameters in the first year after pediatric kidney 
transplantation. Am J Transplant 2017; 17:1549–62.

48. Focosi D, Antonelli G, Pistello M, Maggi F. Torquetenovirus: the human virome 
from bench to bedside. Clin Microbiol Infect 2016; 22:589–93.

49. Maggi F, Focosi D, Statzu M, et al. Early post-transplant torquetenovirus viremia 
predicts cytomegalovirus reactivations in solid organ transplant recipients. Sci 
Rep 2018; 8:15490.

50. Schiemann M, Puchhammer-Stöckl E, Eskandary F, et al. Torque teno virus load-
inverse association with antibody-mediated rejection after kidney transplanta-
tion. Transplantation 2017; 101:360–7.

51. Strassl R, Doberer K, Rasoul-Rockenschaub S, et  al. Torque teno virus for risk 
stratification of acute biopsy-proven alloreactivity in kidney transplant recipients. 
J Infect Dis 2019; 219:1934–9.

52. Strassl  R, Schiemann  M, Doberer  K, et  al. Quantification of torque teno virus 
viremia as a prospective biomarker for infectious disease in kidney allograft re-
cipients. J Infect Dis 2018; 218:1191–9.

53. Sood S, Haifer C, Yu L, et al. Targeted individual prophylaxis offers superior risk 
stratification for cytomegalovirus reactivation after liver transplantation. Liver 
Transpl 2015; 21:1478–85.

54. Manuel  O, Husain  S, Kumar  D, et  al. Assessment of cytomegalovirus-specific 
cell-mediated immunity for the prediction of cytomegalovirus disease in high-
risk solid-organ transplant recipients: a multicenter cohort study. Clin Infect Dis 
2013; 56:817–24.

55. Kumar  D, Chernenko  S, Moussa  G, et  al. Cell-mediated immunity to predict 
cytomegalovirus disease in high-risk solid organ transplant recipients. Am J 
Transplant 2009; 9:1214–22.

56. Kumar D, Mian M, Singer L, Humar A. An interventional study using cell-medi-
ated immunity to personalize therapy for cytomegalovirus infection after trans-
plantation. Am J Transplant 2017; 17:2468–73.

57. Westall  GP, Cristiano  Y, Levvey  BJ, et  al. A randomized study of quantiferon 
CMV-directed versus fixed-duration valganciclovir prophylaxis to reduce late 
CMV after lung transplantation. Transplantation 2019; 103:1005–13.

58. Saini D, Ramachandran S, Nataraju A, et  al. Activated effector and memory T 
cells contribute to circulating sCD30: potential marker for islet allograft rejection. 
Am J Transplant 2008; 8:1798–808.

59. Spiridon C, Hunt J, Mack M, et al. Evaluation of soluble CD30 as an immunologic 
marker in heart transplant recipients. Transplant Proc 2006; 38:3689–91.

60. Nikaein A, Spiridon C, Hunt J, et al. Pre-transplant level of soluble CD30 is 
associated with infection after heart transplantation. Clin Transplant 2007; 
21:744–7.

61. Wang D, Wu WZ, Chen JH, et al. Pre-transplant soluble CD30 level as a predictor 
of not only acute rejection and graft loss but pneumonia in renal transplant recipi-
ents. Transpl Immunol 2010; 22:115–20.

62. Altermann W, Schlaf G, Rothhoff A, Seliger B. High variation of individual sol-
uble serum CD30 levels of pre-transplantation patients: sCD30 a feasible marker 
for prediction of kidney allograft rejection? Nephrol Dial Transplant 2007; 
22:2795–9.

63. Chen Y, Tai Q, Hong S, et al. Pretransplantation soluble CD30 level as a predictor 
of acute rejection in kidney transplantation: a meta-analysis. Transplantation 
2012; 94:911–8.

64. Zhou T, Xue F, Han LZ, et al. Invasive fungal infection after liver transplantation: 
risk factors and significance of immune cell function monitoring. J Dig Dis 2011; 
12:467–75.

65. Pérez-Jacoiste Asín MA, Fernández-Ruiz M, López-Medrano F, et al. Monitoring 
of intracellular adenosine triphosphate in CD4(+) T cells to predict the occur-
rence of cytomegalovirus disease in kidney transplant recipients. Transpl Int 
2016; 29:1094–105.

66. Kowalski RJ, Post DR, Mannon RB, et al. Assessing relative risks of infection and 
rejection: a meta-analysis using an immune function assay. Transplantation 2006; 
82:663–8.

67. Ling X, Xiong J, Liang W, et al. Can immune cell function assay identify patients at 
risk of infection or rejection? A meta-analysis. Transplantation 2012; 93:737–43.

68. Rodrigo E, López-Hoyos M, Corral M, et al. ImmuKnow as a diagnostic tool for 
predicting infection and acute rejection in adult liver transplant recipients: a sys-
tematic review and meta-analysis. Liver Transpl 2012; 18:1245–53.

69. Potena  L, Gaudenzi  A, Chiereghin  A, et  al. Quantiferon monitor assay identi-
fies over-immunosuppressed patients with adverse outcomes after heart trans-
plantation: towards the definition of a phenotype of immune frailty. J Heart Lung 
Transpl 2018; 37:S19–20.

70. Mian M, Natori Y, Ferreira V, et al. Evaluation of a novel global immunity assay to 
predict infection in organ transplant recipients. Clin Infect Dis 2018; 66:1392–7.

71. Hutchinson  P, Chadban  SJ, Atkins  RC, Holdsworth  SR. Laboratory assessment 
of immune function in renal transplant patients. Nephrol Dial Transplant 2003; 
18:983–9.

72. Blazik M, Hutchinson P, Jose MD, et al. Leukocyte phenotype and function pre-
dicts infection risk in renal transplant recipients. Nephrol Dial Transplant 2005; 
20:2226–30.

73. Sarmiento  E, del  Pozo  N, Gallego  A, et  al. Decreased levels of serum comple-
ment C3 and natural killer cells add to the predictive value of total immunoglob-
ulin G for severe infection in heart transplant recipients. Transpl Infect Dis 2012; 
14:526–39.

74. Sarmiento  E, Navarro  J, Fernandez-Yañez  J, Palomo  J, Muñoz  P, Carbone  J. 
Evaluation of an immunological score to assess the risk of severe infection in 
heart recipients. Transpl Infect Dis 2014; 16:802–12.

75. Crepin  T, Gaiffe  E, Courivaud  C, et  al. Pre-transplant end-stage renal disease-
related immune risk profile in kidney transplant recipients predicts post-
transplant infections. Transpl Infect Dis 2016; 18:415–22.

76. Sarmiento E, Jaramillo M, Calahorra L, et al. Evaluation of humoral immunity 
profiles to identify heart recipients at risk for development of severe infections: a 
multicenter prospective study. J Heart Lung Transplant 2017; 36:529–39.

77. Fernández-Ruiz  M, López-Medrano  F, Allende  LM, San  Juan  R, Andrés  A, 
Aguado  JM. Immune risk phenotype in kidney transplant recipients: a reliable 
surrogate for premature immune senescence and increased susceptibility to in-
fection? Transpl Infect Dis 2016; 18:968–70.

78. Wojtowicz  A, Lecompte  TD, Bibert  S, et  al.; Swiss Transplant Cohort S. PTX3 
polymorphisms and invasive mold infections after solid organ transplant. Clin 
Infect Dis 2015; 61:619–22.

79. Muller  LM, Gorter  KJ, Hak  E, et  al. Increased risk of common infections 
in patients with type 1 and type 2 diabetes mellitus. Clin Infect Dis 2005; 
41:281–8.

80. Bertoni  AG, Saydah  S, Brancati  FL. Diabetes and the risk of infection-related 
mortality in the U.S. Diabetes Care 2001; 24:1044–9.

81. Maradit  Kremers  H, Lewallen  LW, Mabry  TM, Berry  DJ, Berbari  EF, 
Osmon DR. Diabetes mellitus, hyperglycemia, hemoglobin A1C and the risk 
of prosthetic joint infections in total hip and knee arthroplasty. J Arthroplasty 
2015; 30:439–43.

82. Iorio R, Williams KM, Marcantonio AJ, Specht LM, Tilzey JF, Healy WL. Diabetes 
mellitus, hemoglobin A1C, and the incidence of total joint arthroplasty infection. 
J Arthroplasty 2012; 27:726–9.e1.

83. Fei Q, Li J, Lin J, et al. Risk factors for surgical site infection after spinal surgery: a 
meta-analysis. World Neurosurg 2016; 95:507–15.

84. Lynch RJ, Ranney DN, Shijie C, Lee DS, Samala N, Englesbe MJ. Obesity, sur-
gical site infection, and outcome following renal transplantation. Ann Surg 2009; 
250:1014–20.

85. Merli M, Giusto M, Gentili F, et al. Nutritional status: its influence on the outcome 
of patients undergoing liver transplantation. Liver Int 2010; 30:208–14.

86. van Hoek B, de Rooij BJ, Verspaget HW. Risk factors for infection after liver trans-
plantation. Best Pract Res Clin Gastroenterol 2012; 26:61–72.

87. Cosio  FG, Alamir  A, Yim  S, et  al. Patient survival after renal transplantation: 
I. The impact of dialysis pre-transplant. Kidney Int 1998; 53:767–72.

88. Petri M, Genovese M. Incidence of and risk factors for hospitalizations in sys-
temic lupus erythematosus: a prospective study of the Hopkins Lupus Cohort. J 
Rheumatol 1992; 19:1559–65.

89. Bosch X, Guilabert A, Pallarés L, et  al. Infections in systemic lupus erythema-
tosus: a prospective and controlled study of 110 patients. Lupus 2006; 15:584–9.

90. Goldblatt F, Chambers S, Rahman A, Isenberg DA. Serious infections in British 
patients with systemic lupus erythematosus: hospitalisations and mortality. Lupus 
2009; 18:682–9.



1314 • cid 2021:73 (1 October) • Roberts and Fishman

91. Torres-Ruiz  J, Mejía-Domínguez  NR, Zentella-Dehesa  A, et  al. The systemic 
lupus erythematosus infection predictive index (LIPI): a clinical-immunological 
tool to predict infections in lupus patients. Front Immunol 2018; 9:3144.

92. Tejera Segura B, Rua-Figueroa I, Pego-Reigosa JM, et al. Can we validate a clinical 
score to predict the risk of severe infection in patients with systemic lupus erythe-
matosus? A longitudinal retrospective study in a British Cohort. BMJ Open 2019; 
9:e028697.

93. Brault C, Riis AH, Mor A, Duhaut P, Thomsen RW. Does low risk of infections 
as a marker of effective immunity predict increased risk of subsequent giant cell 
arteritis or polymyalgia rheumatica? A  Danish population-based case-control 
study. Clin Epidemiol 2018; 10:1533–43.

94. Lee JR, Muthukumar T, Dadhania D, et al. Gut microbial community structure 
and complications after kidney transplantation: a pilot study. Transplantation 
2014; 98:697–705.

95. Fricke WF, Maddox C, Song Y, Bromberg JS. Human microbiota characterization 
in the course of renal transplantation. Am J Transplant 2014; 14:416–27.

96. Diaz PI, Hong BY, Frias-Lopez J, et al. Transplantation-associated long-term im-
munosuppression promotes oral colonization by potentially opportunistic patho-
gens without impacting other members of the salivary bacteriome. Clin Vaccine 
Immunol 2013; 20:920–30.

97. Nellore  A, Fishman  JA. The microbiome, systemic immune function, and 
allotransplantation. Clin Microbiol Rev 2016; 29:191–9.

98. Lee  JR, Huang J, Magruder M, et al. Butyrate-producing gut bacteria and viral 
infections in kidney transplant recipients: a pilot study. Transpl Infect Dis 2019; 
e13180.

99. Lei YM, Chen L, Wang Y, et al. The composition of the microbiota modulates al-
lograft rejection. J Clin Invest 2016; 126:2736–44.

100. Molinero LL, Yin D, Lei YM, et al. High-fat diet-induced obesity enhances allo-
graft rejection. Transplantation 2016; 100:1015–21.

101. Ren Z, Jiang J, Lu H, et al. Intestinal microbial variation may predict early acute 
rejection after liver transplantation in rats. Transplantation 2014; 98:844–52.

102. Guo Y, Wang Q, Li D, et al. Vendor-specific microbiome controls both acute and 
chronic murine lung allograft rejection by altering CD4(+) Foxp3(+) regulatory 
T cell levels. Am J Transplant 2019; 19:2705–18.

103. McIntosh CM, Chen L, Shaiber A, Eren AM, Alegre ML. Gut microbes contribute 
to variation in solid organ transplant outcomes in mice. Microbiome 2018; 6:96.

104. Shono Y, Docampo MD, Peled JU, et al. Increased GVHD-related mortality with 
broad-spectrum antibiotic use after allogeneic hematopoietic stem cell transplan-
tation in human patients and mice. Sci Transl Med 2016; 8:339ra71.

105. Schreiber  SL, Crabtree  GR. The mechanism of action of cyclosporin A  and 
FK506. Immunol Today 1992; 13:136–42.

106. Wiederrecht G, Lam E, Hung S, Martin M, Sigal N. The mechanism of action of 
FK-506 and cyclosporin A. Ann N Y Acad Sci 1993; 696:9–19.

107. Fric J, Zelante T, Wong AY, Mertes A, Yu HB, Ricciardi-Castagnoli P. NFAT con-
trol of innate immunity. Blood 2012; 120:1380–9.

108. Allison  AC, Eugui  EM. Mechanisms of action of mycophenolate mofetil 
in preventing acute and chronic allograft rejection. Transplantation 2005; 
80:S181–90.

109. Taylor  AL, Watson  CJ, Bradley  JA. Immunosuppressive agents in solid organ 
transplantation: mechanisms of action and therapeutic efficacy. Crit Rev Oncol 
Hematol 2005; 56:23–46.

110. Kalluri HV, Hardinger KL. Current state of renal transplant immunosuppression: 
present and future. World J Transplant 2012; 2:51–68.

111. Kirken  RA, Wang  YL. Molecular actions of sirolimus: sirolimus and mTor. 
Transplant Proc. 2003;35(3 Suppl):227S–30S.

112. Kuo CJ, Chung J, Fiorentino DF, Flanagan WM, Blenis J, Crabtree GR. Rapamycin 
selectively inhibits interleukin-2 activation of p70 S6 kinase. Nature 1992; 
358:70–3.

113. Augustine JJ, Bodziak KA, Hricik DE. Use of sirolimus in solid organ transplanta-
tion. Drugs 2007; 67:369–91.

114. Cain DW, Cidlowski JA. Immune regulation by glucocorticoids. Nat Rev Immunol 
2017; 17:233–47.

115. van der Zwan M, Hesselink DA, van den Hoogen MWF, Baan CC. Costimulation 
blockade in kidney transplant recipients. Drugs 2020; 80:33–46.

116. Mohty M. Mechanisms of action of antithymocyte globulin: T-cell depletion and 
beyond. Leukemia 2007; 21:1387–94.

117. McKeage K, McCormack PL. Basiliximab: a review of its use as induction therapy 
in renal transplantation. BioDrugs 2010; 24:55–76.

118. Morris  PJ, Russell  NK. Alemtuzumab (Campath-1H): a systematic review in 
organ transplantation. Transplantation 2006; 81:1361–7.

119. Weiner GJ. Rituximab: mechanism of action. Semin Hematol 2010; 47:115–23.
120. Fan J, Tryphonopoulos P, Tekin A, et al. Eculizumab salvage therapy for antibody-

mediated rejection in a desensitization-resistant intestinal re-transplant patient. 
Am J Transplant 2015; 15:1995–2000.

121. Zhang  X, Peck  R. Clinical pharmacology of tocilizumab for the treatment 
of patients with rheumatoid arthritis. Expert Rev Clin Pharmacol 2011; 
4:539–58.

122. Bendickova K, Tidu F, Fric J. Calcineurin-NFAT signalling in myeloid leucocytes: new 
prospects and pitfalls in immunosuppressive therapy. EMBO Mol Med 2017; 9:990–9.

123. Greenblatt MB, Aliprantis A, Hu B, Glimcher LH. Calcineurin regulates innate 
antifungal immunity in neutrophils. J Exp Med 2010; 207:923–31.

124. Fric  J, Lim  CX, Koh  EG, et  al. Calcineurin/NFAT signalling inhibits myeloid 
haematopoiesis. EMBO Mol Med 2012; 4:269–82.

125. Tourneur  E, Ben  Mkaddem  S, Chassin  C, et  al. Cyclosporine A  impairs nu-
cleotide binding oligomerization domain (Nod1)-mediated innate antibacterial 
renal defenses in mice and human transplant recipients. PLoS Pathog 2013; 
9:e1003152.

126. Emal  D, Rampanelli  E, Claessen  N, et  al. Calcineurin inhibitor Tacrolimus 
impairs host immune response against urinary tract infection. Sci Rep 2019; 
9:106.

127. Howell J, Sawhney R, Testro A, et al. Cyclosporine and tacrolimus have inhibi-
tory effects on toll-like receptor signaling after liver transplantation. Liver Transpl 
2013; 19:1099–107.

128. Sadio M, Tourneur E, Bens M, Goujon JM, Vandewalle A, Chassin C. Cyclosporine 
A induces MicroRNAs controlling innate immunity during renal bacterial infec-
tion. J Innate Immun 2018; 10:14–29.

129. Shah A, Kannambath S, Herbst S, et al. Calcineurin orchestrates lateral transfer of 
Aspergillus fumigatus during macrophage cell death. Am J Respir Crit Care Med 
2016; 194:1127–39.

130. Ho S, Clipstone N, Timmermann L, et al. The mechanism of action of cyclosporin 
A and FK506. Clin Immunol Immunopathol 1996; 80:S40–5.

131. Tsuda K, Yamanaka K, Kitagawa H, et al. Calcineurin inhibitors suppress cyto-
kine production from memory T cells and differentiation of naive T cells into 
cytokine-producing mature T cells. PLoS One 2012; 7:e31465.

132. Scottà C, Fanelli G, Hoong SJ, et al. Impact of immunosuppressive drugs on the 
therapeutic efficacy of ex vivo expanded human regulatory T cells. Haematologica 
2016; 101:91–100.

133. San Segundo D, Ruiz JC, Fernández-Fresnedo G, et al. Calcineurin inhibitors af-
fect circulating regulatory T cells in stable renal transplant recipients. Transplant 
Proc 2006; 38:2391–3.

134. Baan  CC, van  der  Mast  BJ, Klepper  M, et  al. Differential effect of calcineurin 
inhibitors, anti-CD25 antibodies and rapamycin on the induction of FOXP3 in 
human T cells. Transplantation 2005; 80:110–7.

135. Maksymowicz  M, Lukomska  B, Ziółkowska  A, Janczewska  S, Cybulska  E, 
Olszewski WL. Cyclosporin A decreases lymphocyte migration to the heart al-
lograft through suppression of their L-selectin expression. Ann Transplant 1998; 
3:34–6.

136. Adams DH, Liu Q. FK506 inhibits human lymphocyte migration and the produc-
tion of lymphocyte chemotactic factors in liver allograft recipients. Hepatology 
1996; 23:1476–83.

137. De Bruyne R, Bogaert D, De Ruyck N, et al. Calcineurin inhibitors dampen hu-
moral immunity by acting directly on naive B cells. Clin Exp Immunol 2015; 
180:542–50.

138. Paavonen T, Häyry P. Effect of cyclosporin A on T-dependent and T-independent 
immunoglobulin synthesis in vitro. Nature 1980; 287:542–4.

139. Stevens C, Lempert N, Freed BM. The effects of immunosuppressive agents 
on in vitro production of human immunoglobulins. Transplantation 1991; 
51:1240–4.

140. Winslow MM, Gallo EM, Neilson JR, Crabtree GR. The calcineurin phosphatase 
complex modulates immunogenic B cell responses. Immunity 2006; 24:141–52.

141. Heidt S, Roelen DL, Eijsink C, et al. Calcineurin inhibitors affect B cell antibody 
responses indirectly by interfering with T cell help. Clin Exp Immunol 2010; 
159:199–207.

142. Cohn  RG, Mirkovich  A, Dunlap  B, et  al. Mycophenolic acid increases apop-
tosis, lysosomes and lipid droplets in human lymphoid and monocytic cell lines. 
Transplantation 1999; 68:411–8.

143. Mehling A, Grabbe S, Voskort M, Schwarz T, Luger TA, Beissert S. Mycophenolate 
mofetil impairs the maturation and function of murine dendritic cells. J Immunol 
2000; 165:2374–81.

144. Ohata K, Espinoza JL, Lu X, Kondo Y, Nakao S. Mycophenolic acid inhibits nat-
ural killer cell proliferation and cytotoxic function: a possible disadvantage of 
including mycophenolate mofetil in the graft-versus-host disease prophylaxis 
regimen. Biol Blood Marrow Transplant 2011; 17:205–13.

145. Allison AC, Eugui EM. Immunosuppressive and other effects of mycophenolic 
acid and an ester prodrug, mycophenolate mofetil. Immunol Rev 1993; 
136:5–28.

146. Mezger M, Wozniok I, Blockhaus C, et al. Impact of mycophenolic acid on the 
functionality of human polymorphonuclear neutrophils and dendritic cells 



Immunosuppression and Infection in Transplant • cid 2021:73 (1 October) • 1315

during interaction with Aspergillus fumigatus. Antimicrob Agents Chemother 
2008; 52:2644–6.

147. Kannegieter NM, Hesselink DA, Dieterich M, et al. The effect of tacrolimus and 
mycophenolic acid on CD14+ monocyte activation and function. PLoS One 
2017; 12:e0170806. 

148. Eugui  EM, Almquist  SJ, Muller  CD, Allison  AC. Lymphocyte-selective 
cytostatic and immunosuppressive effects of mycophenolic acid in vitro: 
role of deoxyguanosine nucleotide depletion. Scand J Immunol 1991; 
33:161–73.

149. Gummert  JF, Barten  MJ, Sherwood  SW, van  Gelder  T, Morris  RE. 
Pharmacodynamics of immunosuppression by mycophenolic acid: inhibition of 
both lymphocyte proliferation and activation correlates with pharmacokinetics. J 
Pharmacol Exp Ther 1999; 291:1100–12.

150. Ritter ML, Pirofski L. Mycophenolate mofetil: effects on cellular immune subsets, 
infectious complications, and antimicrobial activity. Transpl Infect Dis 2009; 
11:290–7.

151. Blaheta RA, Leckel K, Wittig B, et al. Inhibition of endothelial receptor expression 
and of T-cell ligand activity by mycophenolate mofetil. Transpl Immunol 1998; 
6:251–9.

152. Karnell JL, Karnell FG 3rd, Stephens GL, et al. Mycophenolic acid differentially 
impacts B cell function depending on the stage of differentiation. J Immunol 
2011; 187:3603–12.

153. Hutchinson P, Jose M, Atkins RC, Holdsworth SR. Ex vivo lymphocyte prolifera-
tive function is severely inhibited in renal transplant patients on mycophenolate 
mofetil treatment. Transpl Immunol 2004; 13:55–61.

154. Matz  M, Lehnert  M, Lorkowski  C, et  al. Effects of sotrastaurin, mycophenolic 
acid and everolimus on human B-lymphocyte function and activation. Transpl Int 
2012; 25:1106–16.

155. Keven  K, Sahin  M, Kutlay  S, et  al. Immunoglobulin deficiency in kidney allo-
graft recipients: comparative effects of mycophenolate mofetil and azathioprine. 
Transpl Infect Dis 2003; 5:181–6.

156. Rentenaar RJ, van Diepen FN, Meijer RT, et al. Immune responsiveness in renal 
transplant recipients: mycophenolic acid severely depresses humoral immunity in 
vivo. Kidney Int 2002; 62:319–28.

157. Smith KG, Isbel NM, Catton MG, Leydon JA, Becker GJ, Walker RG. Suppression 
of the humoral immune response by mycophenolate mofetil. Nephrol Dial 
Transplant 1998; 13:160–4.

158. Rose ML, Smith J, Dureau G, Keogh A, Kobashigowa J. Mycophenolate mofetil 
decreases antibody production after cardiac transplantation. J Heart Lung 
Transplant 2002; 21:282–5.

159. Struijk  GH, Minnee  RC, Koch  SD, et  al. Maintenance immunosuppressive 
therapy with everolimus preserves humoral immune responses. Kidney Int 2010; 
78:934–40.

160. Bhandaru M, Pasham V, Yang W, Bobbala D, Rotte A, Lang F. Effect of azathioprine 
on Na(+)/H(+) exchanger activity in dendritic cells. Cell Physiol Biochem 2012; 
29:533–42.

161. Losito  A, Williams  DG, Cooke  G, Harris  L. The effects on polymorphonu-
clear leucocyte function of prednisolone and azathioprine in vivo and prednis-
olone, azathioprine and 6-mercaptopurine in vitro. Clin Exp Immunol 1978; 
32:423–8.

162. Drath DB, Kahan BD. Phagocytic cell function in response to immunosuppressive 
therapy. Arch Surg 1984; 119:156–60.

163. Turner  RA, Johnson  JA, Mountz  JD, Treadway  WJ. Neutrophil migra-
tion in response to chemotactic factors: effects of generation conditions and 
chemotherapeutic agents. Inflammation 1983; 7:57–65.

164. Dayton JS, Turka LA, Thompson CB, Mitchell BS. Comparison of the effects of 
mizoribine with those of azathioprine, 6-mercaptopurine, and mycophenolic 
acid on T lymphocyte proliferation and purine ribonucleotide metabolism. Mol 
Pharmacol 1992; 41:671–6.

165. Quéméneur L, Gerland LM, Flacher M, Ffrench M, Revillard JP, Genestier L. 
Differential control of cell cycle, proliferation, and survival of primary T 
lymphocytes by purine and pyrimidine nucleotides. J Immunol 2003; 
170:4986–95.

166. Poppe D, Tiede I, Fritz G, et al. Azathioprine suppresses ezrin-radixin-moesin-
dependent T cell-APC conjugation through inhibition of Vav guanosine exchange 
activity on Rac proteins. J Immunol 2006; 176:640–51.

167. Dimitriu A, Fauci AS. Activation of human B lymphocytes. XI. Differential effects 
of azathioprine on B lymphocytes and lymphocyte subpopulations regulating B 
cell function. J Immunol 1978; 121:2335–9.

168. Galanaud P, Crevon MC, Dormont J. Effect of azathioprine on in vitro antibody 
response. Differential effect on B cells involved in thymus-dependent and inde-
pendent responses. Clin Exp Immunol 1975; 22:139–52.

169. Górski  A, Korczak-Kowalska  G, Nowaczyk  M, Paczek  L, Gaciong  Z. The ef-
fect of azathioprine on terminal differentiation of human B lymphocytes. 
Immunopharmacology 1983; 6:259–66.

170. Levy  J, Barnett  EV, MacDonald  NS, Klinenberg  JR, Pearson  CM. The effect 
of azathioprine on gammaglobulin synthesis in man. J Clin Invest 1972; 
51:2233–8.

171. Gee I, Trull AK, Charman SC, Alexander GJ. Sirolimus inhibits oxidative burst 
activity in transplant recipients. Transplantation 2003; 76:1766–8.

172. Jorgensen PF, Wang JE, Almlof M, et al. Sirolimus interferes with the innate re-
sponse to bacterial products in human whole blood by attenuation of IL-10 pro-
duction. Scand J Immunol 2001; 53:184–91.

173. Vitiello  D, Neagoe  P-E, Sirois  MG, White  M. Effect of everolimus on the 
immunomodulation of the human neutrophil inflammatory response and activa-
tion. Cell Mol Immunol 2015; 12:40–52.

174. Libetta C, Sepe V, Zucchi M, et al. The effect of sirolimus- or cyclosporine-based 
immunosuppression effects on T-cell subsets in vivo. Kidney Int 2007; 72:114–20.

175. Brunet M, Campistol JM, Diekmann F, Guillen D, Millan O. T-cell function moni-
toring in stable renal transplant patients treated with sirolimus monotherapy. Mol 
Diagn Ther 2007; 11:247–56.

176. Powell JD, Delgoffe GM. The mammalian target of rapamycin: linking T cell dif-
ferentiation, function, and metabolism. Immunity 2010; 33:301–11.

177. Heidt S, Roelen DL, Eijsink C, van Kooten C, Claas FH, Mulder A. Effects of im-
munosuppressive drugs on purified human B cells: evidence supporting the use 
of MMF and rapamycin. Transplantation 2008; 86:1292–300.

178. Clark RA, Gallin JI, Fauci AS. Effects of in vivo prednisone on in vitro eosinophil 
and neutrophil adherence and chemotaxis. Blood 1979; 53:633–41.

179. Sackstein  R, Borenstein  M. The effects of corticosteroids on lymphocyte recir-
culation in humans: analysis of the mechanism of impaired lymphocyte migra-
tion to lymph node following methylprednisolone administration. J Investig Med 
1995; 43:68–77.

180. Préville X, Flacher M, LeMauff B, et al. Mechanisms involved in antithymocyte 
globulin immunosuppressive activity in a nonhuman primate model. 
Transplantation 2001; 71:460–8.

181. Zhao T, Yang C, Xue Y, et al. Impact of basiliximab on the proportion of regu-
latory T cells and their subsets early after renal transplantation: a preliminary 
report. Transplant Proc 2012; 44:175–8.

182. Larsen  CP, Pearson  TC, Adams  AB, et  al. Rational development of LEA29Y 
(belatacept), a high-affinity variant of CTLA4-Ig with potent immunosuppressive 
properties. Am J Transplant 2005; 5:443–53.

183. Xu H, Perez SD, Cheeseman J, Mehta AK, Kirk AD. The allo- and viral-specific 
immunosuppressive effect of belatacept, but not tacrolimus, attenuates with pro-
gressive T cell maturation. Am J Transplant 2014; 14:319–32.

184. Leibler C, Thiolat A, Hénique C, et al. Control of humoral response in renal trans-
plantation by belatacept depends on a direct effect on B cells and impaired T fol-
licular Helper-B cell crosstalk. J Am Soc Nephrol 2018; 29:1049–62.

185. Levitsky J, Miller J, Huang X, Chandrasekaran D, Chen L, Mathew JM. Inhibitory 
effects of belatacept on allospecific regulatory T-cell generation in humans. 
Transplantation 2013; 96:689–96.

186. Turner  MJ, Lamorte  MJ, Chretien  N, et  al. Immune status following 
alemtuzumab treatment in human CD52 transgenic mice. J Neuroimmunol 
2013; 261:29–36.

187. Gross  CC, Ahmetspahic  D, Ruck  T, et  al. Alemtuzumab treatment alters cir-
culating innate immune cells in multiple sclerosis. Neurol Neuroimmunol 
Neuroinflamm 2016; 3:e289.

188. Macedo C, Walters JT, Orkis EA, et al. Long-term effects of alemtuzumab on reg-
ulatory and memory T-cell subsets in kidney transplantation. Transplantation 
2012; 93:813–21.

189. Hu  Y, Turner  MJ, Shields  J, et  al. Investigation of the mechanism of action of 
alemtuzumab in a human CD52 transgenic mouse model. Immunology 2009; 
128:260–70.

190. Knechtle  SJ, Pirsch  JD, H  Fechner  J Jr, et  al. Campath-1H induction plus ra-
pamycin monotherapy for renal transplantation: results of a pilot study. Am J 
Transplant 2003; 3:722–30.

191. Heidt  S, Hester  J, Shankar  S, Friend  PJ, Wood  KJ. B cell repopulation after 
alemtuzumab induction-transient increase in transitional B cells and long-term 
dominance of naïve B cells. Am J Transplant 2012; 12:1784–92.

192. Zeevi A, Husain S, Spichty KJ, et al. Recovery of functional memory T cells in 
lung transplant recipients following induction therapy with alemtuzumab. Am J 
Transplant 2007; 7:471–5.

193. Bouaziz  JD, Yanaba K, Venturi GM, et al. Therapeutic B cell depletion impairs 
adaptive and autoreactive CD4+ T cell activation in mice. Proc Natl Acad Sci U S 
A 2007; 104:20878–83.

194. Stroopinsky  D, Katz  T, Rowe  JM, Melamed  D, Avivi  I. Rituximab-induced 
direct inhibition of T-cell activation. Cancer Immunol Immunother 2012; 
61:1233–41.

195. Stasi R, Cooper N, Del Poeta G, et  al. Analysis of regulatory T-cell changes in 
patients with idiopathic thrombocytopenic purpura receiving B cell-depleting 
therapy with rituximab. Blood 2008; 112:1147–50.



1316 • cid 2021:73 (1 October) • Roberts and Fishman

196. Arad U, Tzadok S, Amir S, et al. The cellular immune response to influenza vac-
cination is preserved in rheumatoid arthritis patients treated with rituximab. 
Vaccine 2011; 29:1643–8.

197. Schub D, Assmann G, Sester U, Sester M, Schmidt T. VZV-specific T-cell levels 
in patients with rheumatic diseases are reduced and differentially influenced by 
antirheumatic drugs. Arthritis Res Ther 2018; 20:252.

198. Cooper N, Arnold DM. The effect of rituximab on humoral and cell mediated 
immunity and infection in the treatment of autoimmune diseases. Br J Haematol 
2010; 149:3–13.

199. Legendre C, Sberro-Soussan R, Zuber J, et al. Eculizumab in renal transplanta-
tion. Transplant Rev (Orlando) 2013; 27:90–2.

200. Gaber T, Hahne M, Strehl C, et al. Disentangling the effects of tocilizumab on 
neutrophil survival and function. Immunol Res 2016; 64:665–76.

201. Romano C, Del Mastro A, Sellitto A, Solaro E, Esposito S, Cuomo G. Tocilizumab 
reduces complement C3 and C4 serum levels in rheumatoid arthritis patients. 
Clin Rheumatol 2018; 37:1695–700.

202. Lok LSC, Farahi N, Juss JK, et al. Effects of tocilizumab on neutrophil function 
and kinetics. Eur J Clin Invest 2017; 47:736–45.

203. Moots RJ, Sebba A, Rigby W, et al. Effect of tocilizumab on neutrophils in adult 
patients with rheumatoid arthritis: pooled analysis of data from phase 3 and 4 
clinical trials. Rheumatology (Oxford) 2017; 56:541–9.

204. Tanaka  T, Narazaki  M, Kishimoto  T. Interleukin (IL-6) immunotherapy. Cold 
Spring Harb Perspect Biol 2018; 10. doi: 10.1101/cshperspect.a028456.

205. Betts  BC, St  Angelo  ET, Kennedy  M, Young  JW. Anti-IL6-receptor-alpha 
(tocilizumab) does not inhibit human monocyte-derived dendritic cell matura-
tion or alloreactive T-cell responses. Blood 2011; 118:5340–3.

206. Kang S, Tanaka T, Kishimoto T. Therapeutic uses of anti-interleukin-6 receptor 
antibody. Int Immunol 2015; 27:21–9.

207. Roll P, Muhammad K, Schumann M, et al. In vivo effects of the anti-interleukin-6 
receptor inhibitor tocilizumab on the B cell compartment. Arthritis Rheum 2011; 
63:1255–64.

208. Massarollo PC, Mies S, Abdala E, Leitao RM, Raia S. Immunosuppression with-
drawal for treatment of severe infections in liver transplantation. Transplant Proc 
1998; 30:1472–4.

209. Manez R, Kusne S, Linden P, et al. Temporary withdrawal of immunosuppression 
for life-threatening infections after liver transplantation. Transplantation 1994; 
57:149–51.

210. Reshef R, Vardhanabhuti S, Luskin MR, et al. Reduction of immunosuppression 
as initial therapy for posttransplantation lymphoproliferative disorder(bigstar). 
Am J Transplant 2011; 11:336–47.

211. Hardinger  KL, Koch  MJ, Bohl  DJ, Storch  GA, Brennan  DC. BK-virus and the 
impact of pre-emptive immunosuppression reduction: 5-year results. Am J 
Transplant 2010; 10:407–15.

212. Schaub S, Hirsch HH, Dickenmann M, et al. Reducing immunosuppression pre-
serves allograft function in presumptive and definitive polyomavirus-associated 
nephropathy. Am J Transplant 2010; 10:2615–23.

213. Brennan  DC, Agha  I, Bohl  DL, et  al. Incidence of BK with tacrolimus versus 
cyclosporine and impact of preemptive immunosuppression reduction. Am J 
Transplant 2005; 5:582–94.

214. Azar MM, Assi R, Valika AK, et al. Graft loss among renal-transplant recipients 
with early reduction of immunosuppression for BK viremia. World J Transplant 
2017; 7:269–75.

215. Kamar N, Abravanel F, Selves J, et al. Influence of immunosuppressive therapy on 
the natural history of genotype 3 hepatitis-E virus infection after organ transplan-
tation. Transplantation 2010; 89:353–60.

216. Kumar D, Michaels MG, Morris MI, et al.; American Society of Transplantation 
H1N1 Collaborative Study Group. Outcomes from pandemic influenza A H1N1 
infection in recipients of solid-organ transplants: a multicentre cohort study. 
Lancet Infect Dis 2010; 10:521–6.

217. Sileri P, Pursell KJ, Coady NT, et al. A standardized protocol for the treatment 
of severe pneumonia in kidney transplant recipients. Clin Transplant 2002; 
16:450–4.

218. Canet  E, Dantal  J, Blancho  G, Hourmant  M, Coupel  S. Tuberculosis following 
kidney transplantation: clinical features and outcome. A French multicentre ex-
perience in the last 20 years. Nephrol Dial Transplant 2011; 26:3773–8.

219. Bodro M, Sabé N, Santín M, et al. Clinical features and outcomes of tuberculosis 
in solid organ transplant recipients. Transplant Proc 2012; 44:2686–9.

220. Hsu MS, Wang JL, Ko WJ, et al. Clinical features and outcome of tuberculosis in 
solid organ transplant recipients. Am J Med Sci 2007; 334:106–10.

221. el-Agroudy AE, Refaie AF, Moussa OM, Ghoneim MA. Tuberculosis in Egyptian 
kidney transplant recipients: study of clinical course and outcome. J Nephrol 
2003; 16:404–11.

222. Almyroudis NG, Sutton DA, Linden P, Rinaldi MG, Fung J, Kusne S. Zygomycosis 
in solid organ transplant recipients in a tertiary transplant center and review of 
the literature. Am J Transplant 2006; 6:2365–74.

223. Freifeld AG, Iwen PC, Lesiak BL, Gilroy RK, Stevens RB, Kalil AC. Histoplasmosis 
in solid organ transplant recipients at a large Midwestern university transplant 
center. Transpl Infect Dis 2005; 7:109–15.

224. Sun HY, Forrest G, Gupta KL, et al. Rhino-orbital-cerebral zygomycosis in solid 
organ transplant recipients. Transplantation 2010; 90:85–92.

225. Lee LY, Ladner DP, Ison MG. Norovirus infection in solid organ transplant recipi-
ents: a single-center retrospective study. Transpl Infect Dis 2016; 18:932–8.

226. van Beek J, van der Eijk AA, Fraaij PL, et al. Chronic norovirus infection among 
solid organ recipients in a tertiary care hospital, the Netherlands, 2006–2014. Clin 
Microbiol Infect 2017; 23:265.e9–13.

227. Roos-Weil  D, Ambert-Balay  K, Lanternier  F, et  al. Impact of norovirus/
sapovirus-related diarrhea in renal transplant recipients hospitalized for diarrhea. 
Transplantation 2011; 92:61–9.

228. Chou NK, Ko WJ, Chi NH, et al. Sparing immunosuppression in heart transplant 
recipients with severe sepsis. Transplant Proc 2006; 38:2145–6.

229. Rubin RH. Control of hepatitis in the transplant patient: a journey begun–but not 
there yet. Transpl Infect Dis 2000; 2:151–2.

230. Roman A, Manito N, Campistol JM, et al.; ATOS working group. The impact of 
the prevention strategies on the indirect effects of CMV infection in solid organ 
transplant recipients. Transplant Rev (Orlando) 2014; 28:84–91.

231. Freeman  RB Jr. The ‘indirect’ effects of cytomegalovirus infection. Am J 
Transplant 2009; 9:2453–8.

232. Asberg  A, Jardine  AG, Bignamini  AA, et  al.; VICTOR Study Group. 
Effects  of  the  intensity of immunosuppressive therapy on outcome of treat-
ment for CMV disease in organ transplant recipients. Am J Transplant 2010; 
10:1881–8.

233. Cope  AV, Sabin  C, Burroughs  A, Rolles  K, Griffiths  PD, Emery  VC. 
Interrelationships among quantity of human cytomegalovirus (HCMV) DNA in 
blood, donor-recipient serostatus, and administration of methylprednisolone as 
risk factors for HCMV disease following liver transplantation. J Infect Dis 1997; 
176:1484–90.

234. Shoham S, Marr KA. Invasive fungal infections in solid organ transplant recipi-
ents. Future Microbiol 2012; 7:639–55.

235. Kotton  CN, Kumar  D, Caliendo  AM, et  al.; The Transplantation Society 
International CMVCG. The Third International Consensus guidelines on the 
management of cytomegalovirus in solid-organ transplantation. Transplantation 
2018; 102:900–31.

236. Schroder PM, Fitch ZW, Schmitz R, Choi AY, Kwun J, Knechtle SJ. The past, pre-
sent, and future of costimulation blockade in organ transplantation. Curr Opin 
Organ Transplant 2019; 24:391–401.

237. Lee TC, Savoldo B, Rooney CM, et al. Quantitative EBV viral loads and immuno-
suppression alterations can decrease PTLD incidence in pediatric liver transplant 
recipients. Am J Transplant 2005; 5:2222–8.

238. Allen UD, Preiksaitis JK; AST Infectious Diseases Community of Practice. Post-
transplant lymphoproliferative disorders, Epstein-Barr virus infection, and di-
sease in solid organ transplantation: guidelines from the American Society of 
Transplantation Infectious Diseases Community of Practice. Clin Transplant 
2019; 33:e13652.

239. Lee J, Park JY, Huh KH, et al. Rituximab and hepatitis B reactivation in HBsAg-
negative/anti-HBc-positive kidney transplant recipients. Nephrol Dial Transplant 
2017; 32:906.

240. Falagas  ME, Snydman  DR, Ruthazer  R, et  al. Cytomegalovirus immune glob-
ulin (CMVIG) prophylaxis is associated with increased survival after orthotopic 
liver transplantation. The Boston Center for Liver Transplantation CMVIG Study 
Group. Clin Transplant 1997; 11:432–7.

241. Wittes JT, Kelly A, Plante KM. Meta-analysis of CMVIG studies for the preven-
tion and treatment of CMV infection in transplant patients. Transplant Proc 
1996; 28:17–24.

242. Fishman JA. Editorial commentary: immune reconstitution syndrome: how do 
we “tolerate” our microbiome? Clin Infect Dis 2015; 60:45–7.

243. Patterson  TF, Thompson 3rd GR, Denning  DW, et  al. Practice guidelines for 
the diagnosis and management of aspergillosis: 2016 update by the Infectious 
Diseases Society of America. Clin Infect Dis 2016; 63:e1–60.

244. Subramanian  A, Dorman  S, Practice ASTIDCo. Mycobacterium tubercu-
losis in solid organ transplant recipients. Am J Transplant 2009; 9(Suppl 
4):S57–62.

245. Iglesias J, Ledesma KJ, Couto PJ, Liu J. Immune reconstitution inflammatory syn-
drome occurring in a kidney transplant patient with extrapulmonary tubercu-
losis. Case Rep Transplant 2017; 2017:6290987.

246. Nelson  CA, Zunt  JR. Tuberculosis of the central nervous system in immuno-
compromised patients: HIV infection and solid organ transplant recipients. Clin 
Infect Dis 2011; 53:915–26.

247. Helfrich  M, Ison  MG. Opportunistic infections complicating solid organ 
transplantation with alemtuzumab induction. Transpl Infect Dis 2015; 
17:627–36.

https://doi.org/10.1101/cshperspect.a028456


Immunosuppression and Infection in Transplant • cid 2021:73 (1 October) • 1317

248. Mikulska  M, Lanini  S, Gudiol  C, et  al. ESCMID study group for infections in 
compromised hosts (ESGICH) consensus document on the safety of targeted and 
biological therapies: an infectious diseases perspective (agents targeting lymphoid 
cells surface antigens [I]: CD19, CD20 and CD52). Clin Microbiol Infect 2018; 
24(Suppl 2):S71–82.

249. Hahner  S, Allolio  B. Management of adrenal insufficiency in different clinical 
settings. Expert Opin Pharmacother 2005; 6:2407–17.

250. Fishman  JA, Gans  H; AST Infectious Diseases Community of Practice. 
Pneumocystis jiroveci in solid organ transplantation: guidelines from the 
American Society of Transplantation Infectious Diseases Community of Practice. 
Clin Transplant 2019; 33:e13587.

251. van de Beek D, de Gans J, McIntyre P, Prasad K. Steroids in adults with acute bac-
terial meningitis: a systematic review. Lancet Infect Dis 2004; 4:139–43.

252. van Beek J, van der Eijk AA, Fraaij PL, et al. Chronic norovirus infection among 
solid organ recipients in a tertiary care hospital, the Netherlands, 2006–2014. Clin 
Microbiol Infect 2017; 23:265 e9–e13.

253. Newman KL, Leon JS. Norovirus immunology: of mice and mechanisms. Eur J 
Immunol 2015; 45:2742–57.

254. Hirsch  HH, Randhawa  PS, Practice ASTIDCo. BK polyomavirus in 
solid organ transplantation-guidelines from the American Society 
of Transplantation Infectious Diseases Community of Practice. Clin 
Transplant 2019; 33:e13528.

255. Akalin E, Azzi Y, Bartash R, et al. Covid-19 and kidney transplantation. N Engl J 
Med 2020; 382:2475–7.

256. Banerjee D, Popoola J, Shah S, Ster IC, Quan V, Phanish M. COVID-19 infection 
in kidney transplant recipients. Kidney Int 2020. doi: 10.1016/j.kint.2020.03.018.

257. Fernández-Ruiz M, Andrés A, Loinaz C, et al. COVID-19 in solid organ transplant 
recipients: a single-center case series from Spain. Am J Transplant 2020; 20:1849–58.

258. Pereira MR, Mohan S, Cohen DJ, et al. COVID-19 in solid organ transplant re-
cipients: initial report from the US epicenter. Am J Transplant 2020; 20:1800–8.

259. Fishman JA, Grossi PA. Novel coronavirus-19 (COVID-19) in the immunocompro-
mised transplant recipient: #Flatteningthecurve. Am J Transplant 2020; 20:1765–7.

https://doi.org/10.1016/j.kint.2020.03.018

