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Summary

To optimize therapeutic effectiveness and minimize unwanted adverse effects, reliable and precise
methods are required for monitoring blood concentrations of immunosuppressive drugs. Therapeutic
monitoring of cyclosporine, tacrolimus, and sirolimus is currently considered an integral part of organ
transplant programs, and compelling arguments have been made for monitoring mycophenolic acid.
Although high-performance liquid chromatography (HPLC) is considered the reference method for
monitoring immunosuppressive drugs, most laboratories currently measure these drugs by immunoassay.
Immunoassays have gained widespread use because they can be automated, have low start-up costs, and
do not require specialized testing personnel. Unfortunately, immunoassays exhibit significant metabolite
cross-reactivity that differs among immunoassays and is dependent on the transplanted organ as well as
time post-transplant. The advantage of HPLC methods is that they are highly specific and can separate
drug metabolites from parent compound. However, HPLC methods can require extensive sample cleanup,
have long analytical run times, and require specialized training. Some of these drawbacks can be partially
overcome by using HPLC with mass spectrometry (MS) detection systems, although the instrumen-
tation is currently expensive. In view of the high cost of immunoassay reagents, HPLC-MS systems are
becoming more cost effective, especially when considering that they can simultaneously measure multiple
immunosuppressive drugs in a single whole blood specimen.
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1. INTRODUCTION

It has now been more than 50 years since the first successful kidney transplant was
performed between monozygotic twins (1). At that time, the field of immunology was in
its infancy, and transplants between non-identical twins ended in organ failure because
of acute graft rejection. It was not until the introduction of azathioprine (a nucleotide
analogue less toxic than 6-mercaptopurine) in the early 1960s that chemical immuno-
suppression and prolonged kidney allograft survival became possible (2). Azathioprine
by itself was not potent enough to prevent acute graft rejection. However, the combi-
nation of azathioprine and corticosteroids was shown to provide effective chemical
immunosuppression, with 1-year kidney allograft survival rates ranging from 40 to
50% (3). This combination of chemical immunosuppression continued to be the corner-
stone of transplant programs for the next 20 or so years until cyclosporine (CsA)
entered the transplantation arena in the late 1970s (4).

In the late 1980s, other immune cell modulators such as tacrolimus and sirolimus
were discovered and added to the arsenal of chemical immunosuppressive agents (5,6).
Mycophenolic acid (MPA) (as the prodrug mycophenolate mofetil) became available
in the mid 1990s based on reports from multicenter clinical trials demonstrating that it
could further reduce the incidence of renal graft rejection when used in combination
with CsA and steroids (7–9).

The number of solid organ transplants performed in the USA continues to increase
each year (Table 1) (10). There has been a 17% increase in kidney, a 29% increase in
liver, a 2% reduction in heart, and an overall increase of 17% over the last 5 years, when
comparing organ transplants performed in 2005 with 2001 (10). Sadly, the limiting
factor in the number of transplanted organs is the availability of donor organs. There
were more than 94,000 patients on the U.S. organ transplant waiting list at the end of
2005 (11).

The discovery that CsA had immunosuppressive activity that specifically targeted T
lymphocytes was a major breakthrough in organ transplantation because it dramatically
reduced acute graft rejection and improved long-term graft and patient survival (12,13).
The identification of other immunosuppressive drugs that modulate immune responses
by additional molecular pathways enabled treatment options to evolve and has permitted
combination therapies to be individualized based on patient requirements. Classes of
immunosuppressive drugs along with generic and brand names currently approved

Table 1
Solid Organ Transplants in the USA

Year

Organ Transplanted 2001 2002 2003 2004 2005

Kidney 14,100 14,527 14,856 15,671 16,477
Liver 4984 5061 5364 5780 6441
Heart 2171 2112 2026 1961 2126
All Organsa 23,942 24,552 25,083 26,539 28,098

a Includes pancreas, kidney-pancreas, intestine, lung, and heart-lung transplants.
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Table 2
Immunosuppressive Drugs Used in Solid Organ Transplantation

Drug Class Generic Name Brand Names

Corticosteroids Prednisone Orasone, Deltasone
Methylprednisolone Solu-Medrol, A-methaPred, Medrol
Dexamethasone Decadron

Anti-metabolites Azathioprine Imuran
Cyclophosphamide Cytoxan, Neosar
Mycophenolate mofetil CellCept
Mycophenolate sodium Myfortic

Calcineurin inhibitors Cyclosporine A Sandimmune, Neoral, many generic forms
of Cyclosporines

Tacrolimus (FK-506) Prograf

mTOR inhibitors Sirolimus (Rapamycin) Rapamune
Everolimusa (RAD0001) Certican

mTOR, mammalian target of rapamycin.
a Everolimus is currently in phase III clinical trials in the USA and has not been approved by the Food

and Drug Administration (FDA) for use as an immunosuppressive agent.

by the United States Food and Drug Administration (FDA) for use in solid organ
transplantation are listed in Table 2.

2. RATIONALE FOR IMMUNOSUPPRESSIVE DRUG MONITORING

A prerequisite for optimizing and individualizing immunosuppressive therapy is
a reliable and precise method for monitoring drug concentrations. However, not all
immunosuppressive drugs require routine monitoring of blood concentrations. For
instance, corticosteroids are dosed based on empirical guidelines and are not routinely
monitored. Although methods have been developed to measure blood concentrations
of azathioprine (14–16), this antiproliferative agent is seldom monitored by transplant
centers. Blood concentrations of CsA, tacrolimus, sirolimus, and MPA are routinely
monitored at transplant centers for the following reasons: (a) there is a clear relationship
between drug concentration and clinical response; (b) these drugs have a narrow thera-
peutic index; (c) these drugs exhibit a high degree of inter- and intrapatient variability;
(d) the pharmacological response can be difficult to distinguish from unwanted side
effects; (e) there is a risk of poor or non-compliance because the drugs are adminis-
tered for the lifetime of the graft or patient; and (f) there are significant drug–drug
interactions.

The potential for drug interactions is not limited to non-immunosuppressive agents
but can also occur among the various classes of immunosuppressive drugs. For instance,
CsA inhibits transport of an MPA metabolite from the liver to bile resulting in lower
MPA concentrations when the two drugs are used together for immunosuppressive
therapy (17,18). The combination of CsA and sirolimus or tacrolimus and sirolimus
results in increased blood concentrations of sirolimus (17,19). In 2004, the majority of
kidney, liver, and heart transplant patients were receiving tacrolimus and MPA followed
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by CsA and MPA for immunosuppression, before hospital discharge (20). Tacrolimus
and sirolimus or CsA and sirolimus were less commonly used, and sirolimus and
mycophenolate mofetil (MMF) were the least common immunosuppressive regimens.
All these drug regimens typically included corticosteroids (20). This illustrates the
widespread use of combination immunosuppression and the importance of therapeutic
drug monitoring, given the potential for various drug interactions.

This chapter will focus primarily on FDA-approved immunosuppressive drugs that
are routinely monitored by clinical laboratories supporting solid organ transplant
programs. These include CsA, tacrolimus, sirolimus, and MPA. Everolimus will be
briefly discussed because it is currently in phase III clinical trials. Other drugs that are
not commonly monitored, such as corticosteroids, azathioprine, and cyclophosphamide,
will not be discussed further. Clinical pharmacokinetics, unwanted adverse effects, and
various drug interactions will be provided for each of the chemical immunosuppressive
agents. A comprehensive review of analytical methods will also be provided, along
with detailed information regarding limitations and potential sources of error associated
with each of the testing methodologies.

3. CALCINEURIN INHIBITORS

The chemical structures of CsA and tacrolimus, calcineurin inhibitors commonly
used in organ transplantation, are shown in Fig. 1. The calcineurin inhibitors block
the activation and proliferation of CD4+ and CD8+ T lymphocytes by inhibiting
IL-2 production (21,22). Under normal circumstances, binding of major histo compat-
ibility complex–peptide complexes to T-cell receptors results in the formation of
an activated form of the calcium/calmodulin-dependent serine/threonine phosphatase
calcineurin. This leads to de-phosphorylation of the nuclear factor of activated T cells
(NF-AT) (among others) and nuclear translocation of NF-AT. Once in the nucleus,
NF-AT binds genes encoding pro-inflammatory cytokines such as IL-2, resulting in
up-regulated gene transcription (23). CsA and tacrolimus freely cross lymphocyte
membranes and form complexes with specific cytoplasmic binding proteins called

Fig. 1. Chemical structures of the calcineurin inhibitors, cyclosporine (CsA) and tacrolimus. This
figure was published in Pharmacology & Therapeutics, Volume 112, Masuda S, Inui KI, an up-date
review on individualized dosage adjustment of calcineurin inhibitors in organ transplant patients,
page 186, Copyright Elsevier 2006.
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immunophilins. CsA binds to the immunophilin cyclophilin and tacrolimus binds to the
immunophilin FK506-binding protein-12 (24,25). The drug–immunophilin complexes
inhibit calcineurin activity, which prevents nuclear translocation of NF-AT. The end
result is down-regulated cytokine gene transcription (26–28).

3.1. Cyclosporine
CsA is a small cyclic polypeptide (molecular weight of 1204) that was originally

isolated from fungal cultures of Tolypocladium inflatum Gams in 1970 (29). It is
currently approved in the USA as an immunosuppressive drug to prolong organ and
patient survival in kidney, liver, heart and bone marrow transplants. CsA is available
for both oral and intravenous administration (Sandimmune). A microemulsion formu-
lation of CsA, called Neoral, exhibiting more reproducible absorption characteristics is
also available for oral administration (30). In addition, several generic microemulsion
formulations are now available and are often referred to as CsA modified (31,32).

3.1.1. Pharmacokinetics

Oral absorption of Sandimmune is low (5–30%) and highly variable, ranging from 4
to 89% in renal and liver transplant patients (33,34). Absorption of the microemulsion
formulation is more consistent, averaging approximately 40% (35). Peak blood concen-
trations typically occur between 1–3 and 2–6 h following oral administration of Neoral
and Sandimmune, respectively (33,36,37). Absorption can be delayed for several
hours in a subgroup of patients. Because CsA is lipophilic, it crosses most biologic
membranes and has a wide tissue distribution (38). CsA is highly bound to plasma
proteins (>90% to lipoproteins), with the majority of CsA localizing in erythrocytes.
The distribution of CsA between plasma and erythrocytes is temperature-dependent and
varies with changes in hematocrit (39). Because of the potential for artifactural redistri-
bution of CsA during specimen processing because of ambient temperature fluctuations,
ethylenediaminetetraacetic acid (EDTA)-anticoagulated whole blood should be used to
measure CsA concentrations (40–42).

CsA is extensively metabolized by cytochrome P450 enzymes (CYP3A isoenzymes)
located in the small intestine and liver (43). There is also a cellular transporter of immuno-
suppressive drugs, called P-glycoprotein, that influences metabolism by regulating
CsA bioavailability. P-glycoprotein pumps some of the CsA out of enterocytes back
into the lumen of the gut (44,45). This efflux pump probably contributes to the poor
absorption rates observed after oral administration of CsA. CYP3A isoenzymes and
P-glycoprotein genetic polymorphisms can also influence the oral bioavailability of
CsA and are probably involved in the delayed absorption that has been noted in a
subset of patients (44). CsA is oxidized or N-demethylated to more than 30 metabo-
lites (46,47). Most of the metabolites do not possess immunosuppressive activity and
are not clinically significant (48). However, there is growing evidence to indicate that
a few of the inactive metabolites may contribute to CsA toxicity (48). Two of the
hydroxylated metabolites, AM1 and AM9, exhibit 10–20% of the immunosuppressive
activity of the parent compound (49,50) and can account for as much as 33% of the
whole blood CsA concentration (51). The major route of CsA elimination is biliary
excretion into the feces. As expected, dosage adjustments are necessary in patients with
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hepatic dysfunction. Only a small fraction (6%) of CsA and metabolites appear in the
urine (36), making dosage adjustments unnecessary in patients with renal insufficiency.

3.1.2. Adverse Effects

Serious side effects related to CsA treatment are concentration-dependent
and include nephrotoxicity, neurotoxicity, hepatotoxicity, hirsutism, hypertrichosis,
gingival hypertrophy, glucose intolerance, hypertension, hyperlipidemia, hypomag-
nesemia, hyperuricemia, and hypokalemia. In general, over-suppression leads to an
increased risk for viral infections and lymphoproliferative disease, especially in
children (52).

3.1.3. Drug Interactions

Numerous drugs influence the absorption and metabolism of CsA. Any drug that
inhibits the cytochrome P-450 system or the P-glycoprotein efflux pump increases
blood CsA concentrations because of increased absorption and decreased metabolism.
Drugs having the opposite effect (P-450 and/or P-glycoprotein inducers) produce
decreased CsA concentrations. Drugs causing increased CsA blood concentrations
include calcium channel blockers, several antifungal agents, and the antibiotic
erythromycin. Several anticonvulsants and antibiotics, including antituberculosis
agents, reduce blood CsA concentrations. In addition, there are many other drugs that
synergize with CsA and potentiate nephrotoxicity. There are several excellent reviews
that discuss specific drug interactions with CsA (53,54). Not all of the interactions
are caused by pharmaceuticals as various foods and herbal remedies can influence
CsA concentrations. For instance, grapefruit juice increases CsA blood concentrations
by increasing absorption whereas St John’s wort decreases CsA concentrations by
increasing metabolism (55).

3.1.4. Preanalytic Variables

Whole blood anticoagulated with EDTA is the recommended sample type based
on numerous consensus documents (40–42). CsA in EDTA whole blood is stable at
least 11 days at room temperature or higher temperatures (37�C) (56). For long-term
storage, whole blood samples should be placed at −20�C and are stable for at least
3 years (57). As previously mentioned, CsA should only be measured in whole blood
samples. Plasma is considered generally not acceptable because partitioning of CsA
between plasma and erythrocytes is a temperature- and time-dependent process that
can be altered during in vitro specimen processing (41). In addition, plasma CsA
concentrations are twofold lower than whole blood concentrations and results in poor
analytical precision at low plasma CsA concentrations.

The timing of specimen collection has always been right before administration of
the next dose (i.e., trough levels) (40,41). For standardization purposes, the timing
should be within 1 h before the next dose (42). However, the introduction of Neoral
in 1995, a microemulsion CsA formulation with more predictable absorption kinetics,
has resulted in higher peak concentrations and increased drug exposure, based on area
under the concentration time curves (58). The highest and most variable CsA concen-
trations typically occur within the first 4 h after Neoral dosing (59). However, similar
trough concentrations are observed for both the conventional and the microemulsion
CsA formulations, demonstrating that trough concentrations are not predictive of total
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drug exposure (60)–(62). Increased exposure to CsA using Neoral results in decreased
rejection rates with slightly higher serum creatinine concentrations compared with
conventional CsA therapy (58,63,64). Thus, a better predictor of immunosuppressive
efficacy was needed when administering Neoral. Pharmacokinetic and pharmacody-
namic studies demonstrated that maximal inhibition of calcineurin and IL-2 production
was correlated with the highest CsA concentrations 1–2 h after dosing (59,65),
indicating that drug levels shortly after dosing may be a better predictor of total drug
exposure and clinical outcome (66). Because multiple time points after dosing are not
practical in a clinical setting, different time points were examined and CsA concentra-
tions 2 h after dosing (called C2 monitoring) was shown to correlate best with total drug
exposure and result in better clinical outcomes (67–70). These findings have resulted in
C2 monitoring of CsA becoming standard practice at many transplant centers. Unfor-
tunately, this creates various nursing/ phlebotomy challenges because blood samples
have to be drawn very close to the 2-h time point after dosing, ideally 10 min on either
side of the 2-h mark (71). At the author’s institution, C2 testing is performed on 16% of
all whole blood samples (annual volume ∼14,000) received in the laboratory for CsA
testing. To avoid confusion and prevent testing delays because of the need for sample
dilution of C2 specimens, our laboratory has created a separate test for C2 monitoring
and reports all CsA C2 results in �g/mL to avoid mis-interpreting C2 results as tough
levels. We still report CsA trough results in ng/mL.

3.1.5. Methods of Analysis

Monitoring of CsA is critical for optimizing immunosuppression and organ survival
while minimizing unwanted toxic side effects. Improvements in immunosuppressive
regimens, along with demands for narrower and tighter control of CsA blood levels,
have placed greater demand on clinical laboratories to provide timely and reliable drug
concentrations. There are many methods currently available to measure CsA. Factors
that need to be considered when selecting a CsA assay include metabolite cross-
reactivity, cost of instrumentation and reagents, ease of operation, level of technical
expertise required to perform testing, test volume, expected turnaround times, the
current method being used when switching methods, and the history/preferences of
the transplant physicians. For example, turnaround times can be a critical issue in an
outpatient setting when it is desirable to have CsA test results available when patients
are being seen by their physicians. Depending on the institution, this may require 2–4 h
turnaround times for anywhere from 10 to 50 specimens that have been drawn a few
hours before the scheduled clinic visit.

CsA can be measured by radioimmunoassay (RIA), semi-automated and automated
non-isotopic immunoassays, and high-performance liquid chromatography (HPLC)
with UV (HPLC-UV) or mass spectrometry detection systems (HPLC-MS). There are
four companies manufacturing six different CsA assays currently being used in the
USA. Assays for CsA and the percentage of laboratories using each method based
on the College of American Pathologists Immunosuppressive Drugs Monitoring 1st
Survey of 2006 are summarized in Table 3. The Cyclo-Trac SP RIA by Diasorin (Still
water, MN, USA) is the least popular and is used by only 1% of all laboratories, most
likely because of the manual format and need to handle radioisotopes. Interestingly,
the Abbott monoclonal fluorescence polarization immunoassay (FPIA) (Abbott Park,
IL, USA) is used by >70% of all laboratories. This is somewhat surprising because the



172 Butch

Table 3
Currently Used Methods to Measure Cyclosporine (CsA)

Method Assay Manufacturer Laboratories Using Assay (%)a

Radioimmunoassay Cyclo-Trac SP DiaSorin 1
Immunoassay

Semi-automated Polyclonal FPIA Abbott 2
Monoclonal FPIA Abbott 71
CEDIA PLUS Microgenics 8
Syva EMIT 2000 Dade-Behring 5

Automated Dimension ACMIA Dade-Behring 5
HPLC-UV 2
HPLC-MS 6

FPIA, fluorescence polarization immunoassay; CEDIA, cloned enzyme donor immunoassay;
EMIT, enzyme-multiplied immunoassay technique; ACMIA, antibody-conjugated magnetic immunoassay;
HPLC-UV, high-performance liquid chromatography with ultraviolet detection; HPLC-MS, high-
performance liquid chromatography with mass spectrometry detection.

a Percentages are based on the College of American Pathologists Immunosuppressive Drug Monitoring
1st survey of 2006.

Abbott monoclonal FPIA has considerable cross-reactivity with CsA metabolites, and
recommendations by numerous consensus panels specify that the analytical method
should be specific for parent compound (40–42). HPLC methods to measure CsA are
specific for parent compound and, because of this, are considered the “gold standard”
for CsA quantitation. Yet, HPLC methods are used by only 8% of all laboratories and
are primarily restricted to larger transplant centers. The lack of widespread acceptance
of HPLC methods to measure CsA may reflect high initial equipment costs for MS
detection systems and the need for specialized training for test performance. HPLC
systems with UV detection are considerably less expensive and easier to operate but can
suffer from a wide variety of chemical interferences depending on the specific protocol
utilized. There are several excellent protocols to measure CsA using HPLC-MS and
HPLC-MS/MS systems (72,73). Because sample requirements are the same for analysis
of many of the immunosuppressants (CsA, tacrolimus, sirolimus, everolimus), simul-
taneous measurement of two or more immunosuppressive drugs in a single specimen
can be performed using HPLC-MS (74). As therapeutic drug monitoring applications
continue to emerge, the use of HPLC-MS will continue to increase and may become
commonplace equipment in clinical laboratories in the not too distant future.

All the immunoassays, with the exception of the Dimension antibody conjugated
magnetic immunoassay (ACMIA) (Dade Behring, Dearfield, IL, USA), are semi-
automated because they require a whole blood pretreatment step. This typically involves
preparing a whole blood hemolysate by adding an extraction reagent such as methanol
to an aliquot of whole blood. The hemolysate is then centrifuged and the separated
supernatant is analyzed by the FPIA or Syva enzyme-multiplied immunoassay (EMIT)
(Dade Behring). The cloned enzyme donor immunoassay (CEDIA) PLUS (Microgenics
Comp., Fremont, CA, USA) pretreatment step is simpler because a centrifugation step
is not required after addition of the extraction reagent. Bayer (Bayer Health care,
Tarrytown, NY, USA) has also developed a CsA assay with a simplified pretreatment
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Table 4
Instrument Applications for Cyclosporine (CsA) Immunoassays

Immunoassay Instrument Application Manufacturer

Monoclonal FPIA TDx, AxSYM Abbott Laboratories

CEDIA PLUS MGC240 Microgenics Corp.
SYNCHRON LX, UniCel Dx Beckman Coulter
Hitachi 902, 911, 912, 917, Modular P Roche Diagnostics
AU 400, 640, 2700, 5400 Olympus America
Aeroset Abbott Laboratories

Syva EMIT 2000 COBAS Miraa, INTEGRA 400, 800 Roche Diagnostics
Dimension RxL Max, Xpand, Xpand Plus,

V-Twin, Viva, Viva-E
Dade-Behring

Dimension ACMIA Dimension RxL Max, Xpand, Xpand Plus,
V-twin,Viva, Viva-E

Dade-Behring

FPIA, fluorescence polarization immunoassay; CEDIA, cloned enzyme donor immunoassay; EMIT,
enzyme-multiplied immunoassay technique; ACMIA, antibody-conjugated magnetic immunoassay.

a This instrument is no longer manufactured or supported by the company.

step that is pending FDA approval for use on the ADVIA Centaur (75). The Dimension
ACMIA does not require a pretreatment step allowing whole blood samples to be
placed directly on the instrument. Instruments that currently have applications for the
various CsA immunoassays are provided in Table 4.

3.1.6. Metabolite Cross-Reactivity

The Abbott polyclonal antibody-based FPIA is non-specific and has extensive cross-
reactivity with CsA metabolites. The use of this assay has been declining over the
years, and only about 2% of all laboratories currently use this assay (Table 3). CsA
results using the Abbott polyclonal FPIA are approximately four times higher than
those obtained using HPLC methods (76). Because of the magnitude of metabolite

Table 5
Cyclosporine (CsA) Metabolite Cross-Reactivity of Immunoassays

Percentage CsA Metabolite Cross-Reactivitya

Immunoassay AM1 AM4n AM9 AM19

Monoclonal FPIA 6–12 ≤ 6 14–27 ≤ 4
CEDIA PLUS 8 30 18 2
Syva EMIT 2000 ≤ 5 8–13 ≤ 4 0
Dimension ACMIA 0 4 0 0

FPIA, fluorescence polarization immunoassay; CEDIA, cloned enzyme
donor immunoassay; EMIT, enzyme-multiplied immunoassay technique; ACMIA,
antibody-conjugated magnetic immunoassay.

a Each metabolite was evaluated at 1000 �g/L except AMI, which was tested at
500 �g/L in the CEDIA PLUS assay. Data are derived from references 77–81.
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cross-reactivity and the poor correlation with clinical outcomes and toxicity, the use
of this polyclonal assay should be discouraged. Cross-reactivity of the monoclonal
immunoassays with CsA metabolites is summarized in Table 5. The Dimension ACMIA
has the least overall metabolite cross-reactivity whereas the monoclonal CEDIA PLUS
is reported to have the highest overall metabolite cross-reactivity. CsA metabolites,
AM1 and AM9, are typically present in the highest concentrations after transplan-
tation (51) and cross-reacts the least in the Dimension ACMIA and Syva EMIT, and the
most in the monoclonal FPIA (Table 5). The magnitude of metabolite cross-reactivity
contributes to the degree of CsA overestimation when comparing immunoassays with
HPLC. Mean CsA concentrations have been found to be approximately 12, 13, 17, 22,
and 40% higher than HPLC when measured by the Dimension ACMIA, Syva EMIT,
CEDIA PLUS, FPIA on the TDx, and FPIA on the AxSYM, respectively (77–81).
Thus, it is important to consider metabolite cross-reactivity and the degree of CsA
overestimation when selecting the “right” CsA immunoassay to support a solid organ
transplant program.

3.1.7. Analytical Considerations

Consensus conference recommendations for CsA immunoassays are that the slope of
the line should be 1.0 ± 0.1, with a y-intercept and Sy/x ≤ 15 �g/L, when compared with
HPLC (41). None of the current immunoassays satisfy all these requirements (76–81).
For instance, the Dimension ACMIA satisfies the slope and intercept requirements
but exceeds the Sy/x limit, whereas the CEDIA PLUS and Syva EMIT satisfies only
one requirement. The FPIA fails to satisfy any of the requirements. Between-day
precision recommendations require a coefficient of variation (CV) of ≤10% at a
CsA concentration of 50 �g/L and a CV of ≤5% at 300 �g/L (41,42). Most of the
immunoassays satisfy the precision recommendation at 300 �g/L, but it is important
that each laboratory determine between-day precision studies at CsA concentrations
around 50 �g/L. This is particularly important because recent immunosuppressive
drug regimens are designed to reduce CsA trough concentrations to minimize toxicity.
Another potential problem is bias because of incorrect assay calibration. Results from
the 2003 International Proficiency Testing Scheme have shown that the FPIA using
the TDx and CEDIA PLUS overestimates CsA concentrations by 5–10%, whereas the
Syva EMIT and Dimension ACMIA slightly underestimate target CsA concentrations
by ≤5% (82). Lastly, for assays involving a manual extraction step, poor technique
can significantly contribute to the overall imprecision of the assay. Careful attention
to detail and good technique can minimize variations at this important preanalytical
step. This holds true for all whole blood immunosuppressive drug assays requiring a
manual extraction step (tacrolimus, sirolimus, and everolimus).

3.1.8. C2 Monitoring and Specimen Dilution

Therapeutic ranges for CsA are often organ-specific and can vary widely between
transplant centers. They also differ based on various immunosuppressive drug combi-
nations, the time after transplant, and during periods of toxicity and organ rejection.
Trough whole blood CsA levels following kidney transplants are typically between
150–250 �g/L shortly after transplant and are tapered down to <150 �g/L during
maintenance therapy. Recommended levels after liver and heart transplants are
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250–350 �g/L shortly after transplant and <150 �g/L during maintenance therapy.
These target ranges were determined using HPLC and will vary considerably when
measured using immunoassay, depending on the amount of metabolite cross-reactivity.

For C2 monitoring, target concentrations vary between 600 and 1700 �g/L depending
on the type of graft and the time after transplantation (66). C2 concentrations often
exceed the analytical range of most immunoassays because typical calibration curves
are designed to measure trough CsA levels. The FPIA and Syva EMIT have analytical
ranges up to 1500 and 500 �g/L, respectively. The CEDIA PLUS and Dimension
ACMIA have separate calibration curves for C2 monitoring, with an analytical range
from 450 to 2000 and 350 to 2000 �g/L, respectively. However, 28% of laboratories
using the CEDIA PLUS reported using only the low-range calibration curve and
would have to dilute samples above 450 �g/L (83). Sample dilution can lead to major
inaccuracies in test results, and dilution protocols need to be carefully validated before
implementation (83,84). This is because CsA metabolites may not dilute in a linear
fashion, and there may be differences in the amount of time needed for diluted samples
to re-equilibrate, depending on the immunoassay and dilution protocol. Proficiency
testing programs have demonstrated that laboratories produce widely varying results
when challenged with samples with CsA concentrations outside the analytical range
of immunoassays. For instance, at a CsA parent concentration of 2000 �g/L, 125
laboratories participating in the survey reported CsA values ranging from 1082 to
3862 �g/L (84). These findings indicate that laboratories need to develop carefully
controlled validated dilution protocols. A validated dilution protocol for the monoclonal
FPIA on the TDx has recently been described (85).

Another concern with C2 monitoring is metabolite concentrations and the need for
therapeutic ranges that are assay-specific. This clearly is necessary when measuring
trough CsA concentrations. A recent study monitoring C2 concentrations in kidney and
liver transplant patients found equivalent CsA results when measured using the FPIA,
CEDIA PLUS, and Syva EMIT (86). As expected, paired trough samples produced
CsA concentrations that differed among the immunoassays. These data indicate that
for C2 monitoring, assay-specific therapeutic ranges may not be necessary.

3.2. Tacrolimus
Tacrolimus (also known as FK-506) is a macrolide antibiotic with a molecular

weight of 822 (Fig. 1) that was originally isolated from the fungus Streptomyces
tsukubaensis (5). In the USA, tacrolimus (brand name Prograf) was approved for use in
liver transplantation in 1994 and in kidney transplantation in 1997. It is approximately
100 times more potent than CsA and is associated with a decrease in acute and chronic
rejection, and better long-term graft survival (87). In 2004, more than two-thirds of all
kidney and liver transplant recipients, and approximately one-half of all heart transplant
recipients, were receiving tacrolimus before hospital discharge (20). At the author’s
institution, approximately 3.5 times more tacrolimus tests are performed compared
with CsA.

3.2.1. Pharmacokinetics

Tacrolimus is available for both oral and intravenous administration. Similar to
CsA, oral absorption of tacrolimus from the gut is poor and highly variable, averaging
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25% (88). Peak blood concentrations occur within 1.5–4 h. Tacrolimus is primarily
bound to albumin, �1-acid glycoprotein, and lipoproteins in the plasma. However, the
majority of tacrolimus is found within erythrocytes (89).

Tacrolimus is metabolized using cytochrome P450 isoenzymes (CYP3A) located in
the small intestine and liver. Similar to CsA, the bioavailability of tacrolimus is influ-
enced by CYP3A and the multidrug efflux pump (P-glycoprotein) located in intestinal
enterocytes. Biotransformation of tacrolimus occurs by demethylation, hydroxylation,
and oxidative reactions (90). At least nine metabolites have been identified based on in
vitro studies (91), and all, with the exception of 31-o-demethyl tacrolimus (M-II), have
very little immunosuppressive activity. M-II has been shown in vitro to have the same
immunosuppressive activity as parent compound (92). Metabolites represent 10–20%
of whole blood tacrolimus concentrations (93). Tacrolimus is eliminated primarily
by biliary excretion into the feces. Patients with hepatic dysfunction require dosage
adjustments. Very little tacrolimus is found in urine, and blood concentrations are not
altered in renal dysfunction.

3.2.2. Adverse Effects

Tacrolimus shares many dose-dependent side effects with CsA (94). These include
nephrotoxicity, neurotoxicity, hepatotoxicity, hypertension, and glucose intolerance.
Nephrotoxicity with tacrolimus may be less of a problem than with CsA, especially in
renal transplantation (95). Diabetogenesis is approximately three times more common
with tacrolimus than with CsA (96). Hyperkalemia, hyperuricemia, hyperlipidemia,
hirsutism, and gingival hypertrophy are also observed following tacrolimus use, but less
commonly than with CsA (97). Alopecia is also associated with tacrolimus use (94).

3.2.3. Drug Interactions

Because tacrolimus is metabolized mainly by the cytochrome P450 system, the
majority of drug interactions described for CsA also apply to tacrolimus (88). St John’s
wort also decreases blood tacrolimus concentrations.

3.2.4. Preanalytic Variables

For quantitation of tacrolimus, EDTA-anticoagulated whole blood is the specimen
of choice for the same reasons provided for CsA. Whole blood samples are stable
for 1 week when shipped by mail without coolant (98,99), 1–2 weeks at room
temperature (99,100), 2 weeks at refrigerator temperatures (100), and almost 1 year
at −70�C (100).

Trough blood tacrolimus concentrations are almost exclusively used for routine
monitoring and are believed to be a good indicator of total drug exposure (101).
However, recent experience with CsA has challenged this notion, and alternative
draw times 1–6 h after dosing have been proposed (102). Whereas some investigators
have found a poor correlation between trough tacrolimus concentrations and total
drug exposure, others have found good correlation (103,104). Overall, the findings
suggest that trough tacrolimus concentrations are predictive of total drug exposure and
that measuring tacrolimus at specified times after dosing may not result in dramatic
improvements. Until this issue is fully resolved, trough levels will continue to be used
for reasons of convenience and reproducibility.
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3.2.5. Methods of Analysis

Monitoring of tacrolimus is an integral part of any organ transplant program
because of variable dose-to-blood concentrations and the narrow therapeutic index.
Tacrolimus can be measured using enzyme-linked immunosorbent assay (ELISA),
semi-automated and automated immunoassay, and HPLC-MS (Table 6). The ELISA
and semi-automated immunoassays require a manual whole blood pre-treatment step.
The Dimension ACMIA does not require a pretreatment step allowing whole blood
samples to be directly placed on the instrument. Sample extraction can be semi-
automated using modern HPLC-MS systems (105).

The ELISA takes about 4 h to complete, requires numerous manual steps, and is
used by few clinical laboratories. The Abbott microparticle enzyme immunoassay
(MEIA) II on the IMx instrument is currently used by 88% of the laboratories in
the USA that participate in the College of American Pathologists immunosuppressive
proficiency testing program (Table 6). The MEIA II has a reported detection limit of
2 �g/L and replaced an earlier version (MEIA I) with a detection limit of 5 �g/L.
The tacrolimus Syva EMIT has applications for Dade Behring instrumentation, the
COBAS Integra 400 (106), the Beckman Synchron LX20 PRO (107), and the Bayer
ADVIA 1650 (108). However, the Syva EMIT is currently available only outside the
USA. Microgenics has just released a CEDIA for tacrolimus in the USA that has
applications for several Hitachi, Olympus, and Beckman instruments. Dade-Behring
has just launched (July 2006) an ACMIA to measure tacrolimus using the Dimension
family of analyzers and the V-Twin and Viva-E drug-testing analyzers. It uses the
same monoclonal antibody used in the Syva EMIT to measure tacrolimus. Lastly,
Abbott is developing a chemiluminescent immunoassay for use on their ARCHITECH
system (109).

Table 6
Analytical Methods to Measure Tacrolimus

Method Assay Manufacturer Laboratories Using Method (%)a

ELISA Pro-Trac II DiaSorin ≤ 3

Immunoassay
Semi-Automated MEIA II Abbott 88

Syva EMIT Dade-Behring –b

CEDIA Microgenics ≤ 3
Automated Dimension ACMIA Dade-Behring –c

HPLC-MS 9

ELISA, enzyme-linked immunosorbent assay; MEIA, microparticle enzyme immunoassay; EMIT,
enzyme-multiplied immunoassay technique; CEDIA, cloned enzyme donor immunoassay; ACMIA,
antibody-conjugated magnetic immunoassay; HPLC-MS, high-performance liquid chromatography with
mass spectrometry detection.

a Percentages are based on the College of American Pathologists Immunosuppressive Drugs Monitoring
Survey of 2006.

b Currently available only outside the USA.
c This assay received Food and Drug Administration (FDA) clearance and was launched in July 2006.
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HPLC-MS methods are used by most of the laboratories not using the MEIA
II. Tacrolimus cannot be measured by HPLC-UV because the molecule does not
possess a chromophore. It is noteworthy that HPLC-MS is the only method that
is specific for parent drug and meets the recommendations set forth in Consensus
documents (42). There are numerous recently reported assays to quantitate tacrolimus
by using HPLC-MS or HPLC-MS/MS with detection limits <0�5 ng/mL (105,110).
A major advantage of HPLC-MS over immunoassays is the ability to simultaneously
measure other immunosuppressant drugs in the same whole blood sample, such as
CsA, sirolimus, and everolimus (111).

3.2.6. Metabolite Cross-Reactivity

All the immunoassays have significant cross-reactivities with tacrolimus metabo-
lites. The ELISA, MEIA II, and EMIT cross-react with M-II (31-o-demethyl), M-III
(15-o-demethyl) and M-V (15,13-di-o-demethyl) metabolites of tacrolimus (112). The
CEDIA has significant cross-reactivity with M-I (13-o-demethyl) but does not cross-
react with M-II or M-III. Cross-reactivity of the CEDIA with M-V has not been
examined (113). The ACMIA is expected to have metabolite cross-reactivity similar
to the EMIT because both assays use the same monoclonal antibody. The extent of
positive bias because of metabolite cross-reactivity is dependent on the transplant group
studied. Metabolite cross-reactivity in patients with good liver function is typically not
a problem because metabolite concentrations are relatively low compared with parent
drug (114). However, metabolites tend to accumulate during reduced liver function
and immediately after liver transplant, resulting in significant assay interference and
falsely high blood tacrolimus concentrations (115). Overall, the MEIA II produces
tacrolimus results that are 15–20% higher, the EMIT produces results 17% higher,
and the CEDIA produces results 19% higher than those obtained by HPLC-MS, in
kidney and liver transplant patients (107,112,113,116,117). Calibration error may also
contribute to some of the overall positive bias.

3.2.7. Analytical Considerations

The recommended therapeutic range for whole blood tacrolimus concentrations
after kidney and liver allograft transplants is 5–20 �g/L when measured using HPLC-
MS (118). When tacrolimus is used with other immunosuppressive agents such as
sirolimus, the desired target concentration for tacrolimus can be considerably <5 �g/L.
In view of this, it is important for each laboratory to determine performance character-
istics of their tacrolimus assay at concentrations <5 �g/L and make transplant services
aware of the lower limit of detection and the imprecision (%CV) at this concentration.
The functional sensitivity (between-day CV <20%) of the MEIA II and CEDIA is
reported to be around 2 �g/L (112,116,119,120), whereas the detection limit of the
EMIT is around 3 �g/L (107). At our institution, we examined functional sensitivity
of the MEIA II tacrolimus assay by measuring whole blood pools at various concentra-
tions in duplicate during a 10-day period. As shown in Fig. 2, a 20% CV was observed
at a tacrolimus concentration of approximately 2 �g/L. In addition, we found that
the MEIA II produced tacrolimus concentrations ranging from 0.8 to 1�7 �g/L when
testing samples from patients not receiving tacrolimus (n = 8). Homma et al. (121)
also found false-positive results when measuring tacrolimus in whole blood samples
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Fig. 2. Functional sensitivity of the Abbott tacrolimus microparticle enzyme immunoassay (MEIA)
II on the IMx instrument. Whole blood patient pools at varying tacrolimus concentrations were
analyzed in duplicate on 10 separate days. The coefficient of variation (CV) is the standard deviation
of the mean tacrolimus concentration divided by the mean. The value is multiplied by 100 and is
expressed as a percentage (%).

from patients not receiving tacrolimus using the MEIA. Based on our data, we use a
cutoff of 2 �g/L for tacrolimus and report values lower than this cutoff as <2 �g/L.

The MEIA II has been shown to produce falsely elevated tacrolimus concentrations
when the hematocrit is <25% (122,123). The EMIT for tacrolimus is not affected
by changes in hematocrit values (123). Hematocrit bias in the MEIA II could result
in therapeutic tacrolimus blood concentrations in under-immunosuppressed patients
because of low hematocrit values. This would potentially be most problematic shortly
after transplant when hematocrit values are typically at their lowest concentrations.
This tacrolimus bias could also make it difficult to appropriately dose patients with
widely fluctuating hematocrit values.

The reliability of the MEIA II at low whole blood tacrolimus concentrations has
recently been questioned. At tacrolimus concentrations <9 �g/L, the MEIA II exhibited
greater between-day imprecision and a weaker correlation with results obtained by
HPLC-MS/MS (124). Recovery experiments also demonstrated that the degree of
over-estimation of tacrolimus using the MEIA II was more pronounced at lower drug
concentrations (124). Poor precision at low tacrolimus concentrations was also noted
in the College of American Pathologists longitudinal immunosuppressive drug study.
The study found that the major source of imprecision was within-laboratory variation
over time, and it was postulated that the variation might be due to changes in assay
standardization or reagent lot-to-lot changes (125). Taken together, these performance
variables are important to consider when selecting an assay to monitor whole blood
tacrolimus concentrations.

4. MAMMALIAN TARGET OF RAPAMYCIN INHIBITORS

The chemical structures of the mammalian target of rapamycin (mTOR) inhibitors,
sirolimus and everolimus, are shown in Fig. 3. Both are macrocyclic lactones.
Sirolimus (also known as rapamycin) is a lipophilic molecule (molecular weight of 914)
derived from Streptomyces hygroscopicus. This actinomycete fermentation product was
identified in the early 1970s and was approved by the FDA in 1999 for use with CsA to
reduce the incidence of acute rejection in renal transplantation (126). Everolimus is a
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Fig. 3. Chemical structures of the mammalian target of rapamycin (mTOR) inhibitors, sirolimus
and everolimus. This figure was published in Critical Reviews in Oncology/Hematology, Volume
56, Taylor AL, Watson CJE, Bradley JA, Immunosuppressive agents in solid organ transplantation:
mechanisms of action and therapeutic efficacy, page 34, Copyright Elsevier 2005.

chemically modified version that is more hydrophilic than sirolimus and has improved
pharmacokinetic characteristics and improved bioavailability (127). Everolimus is still
in phase III trials and is only available for investigational use in the USA.

Sirolimus and everolimus readily cross the lymphocyte plasma membrane and bind
to the intracellular immunophilin, FK506-binding protein-12 (128). In contrast to
tacrolimus, sirolimus–immunophilin and everolimus–immunophilin complexes do not
inhibit calcineurin activity. Instead, the complexes are highly specific inhibitors of the
mTOR, a cell cycle serine/threonine kinase involved in the protein kinase B-signaling
pathway. This results in suppressed cytokine-induced T-lymphocyte proliferation, with
a block in progression from the G1 to S phase of the cell cycle (129). The mTOR
inhibitors work synergistically with the calcineurin inhibitors to produce a profound
immunosuppressive effect on T lymphocytes.

4.1. Sirolimus
4.1.1. Pharmacokinetics

Sirolimus is available for both oral and intravenous administration. Its long half-life
of approximately 60 h allows once-a-day dosing (130). Sirolimus is rapidly absorbed
from the gastrointestinal tract, and peak blood concentrations occur 2 h after an oral
dose (131). Oral bioavailability is low, ranging from 5 to 15% (132) and is consid-
erably reduced (approximately fivefold) when administered within 4 h or concomitantly
with CsA (133). There is considerable interpatient variability in total drug exposure
that can vary by as much as 50% (133). Sirolimus is primarily found within erythro-
cytes (95%), with approximately 3 and 1% partitioning into the plasma and lympho-
cytes/granulocytes, respectively (134). Almost all of the plasma sirolimus is bound to
proteins, with lipoproteins being the major binding protein.

Similar to the calcineurin inhibitors, sirolimus is metabolized in the intestine and
liver by cytochrome P450 enzymes (CYP3A) (135). The multidrug efflux pump
P-glycoprotein in the gastrointestinal tract also controls metabolism by regulating
bioavailability. Sirolimus is hydroxylated and demethylated to more than seven metabo-
lites with the hydroxyl forms being the most abundant (136). Metabolites represent
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approximately 55% of whole blood sirolimus levels (136). The pharmacological activity
of metabolites has not been fully investigated because of difficulties associated with
their isolation. However, preliminary studies indicate that the immunosuppressive
activity of metabolites is <30% of that observed for the parent compound (137).
Sirolimus is eliminated primarily by biliary and fecal pathways, with small quantities
appearing in urine (135). As with the calcineurin inhibitors, dosage adjustments are
needed in patients with hepatic dysfunction.

4.1.2. Adverse Effects

The incidence of adverse effects is dose-related and includes metabolic, hemato-
logical, and dermatological effects (138). Metabolic side effects include hypercholes-
terolemia, hyper- and hypokalemia, hypophosphatemia, hyperlipidema, and increased
liver function tests. Anemia can be problematic, with decreases in leukocyte, erythro-
cytes, and platelet counts being the most common. Skin rashes, acne, and mouth ulcers are
also observed in patients being switched to mTOR inhibitors. As with other immunosup-
pressive drugs, there is an increased risk of infection and an association with lymphoma
development. Interstitial pneumonitis is also associated with sirolimus therapy (139).

4.1.3. Drug Interactions

CYP3A inhibitors such as antifungal agents (itraconazole, ketoconazole),
clarithromycin, erythromycin, and verapamil increase blood levels of sirolimus.
CYP3A inducers such as carbamazepine, phenobarbital, phenytoin, and rapamycin may
decrease sirolimus blood levels. Grapefruit juice can increase sirolimus by decreasing
drug clearance. St John’s wort can decrease sirolimus levels. As previously noted,
the concomitant use of CsA can result in increased sirolimus concentrations (140).
Although tacrolimus and sirolimus compete for sites on the same binding protein, the two
drugs do not appear to have significant drug–drug interactions in clinical practice (104).

4.1.4. Preanalytic Variables

EDTA-anticoagulated whole blood is the recommended specimen matrix (132). This
is because almost all of the sirolimus (∼95%) is concentrated in erythrocytes, and
plasma levels are too low for most analytical methods (134). Whole blood samples
are stable for 10 days at ambient temperature (141), at least 1 week at 30–34�C (141,
142), 30 days at 4�C (143), and at least 2 months at −40�C (143). Whole blood
samples can withstand three freeze-thaw cycles without altering measured sirolimus
concentrations (141,142).

In contrast to the calcineurin inhibitors, there is good correlation between pre-
dose sirolimus concentrations and total drug exposure based on area under the curve
measurements (104,144). This also holds true when sirolimus is used in combination
with CsA or tacrolimus (104,144). Thus, whole blood 24-h trough specimens are
recommended when monitoring sirolimus (132).

4.1.5. Methods of Analysis

Therapeutic monitoring of sirolimus is critical because the administered dose is a
poor predictor of total drug exposure because of individual patient variables. Because of
the long drug half-life, daily monitoring of sirolimus is typically not necessary. Weekly
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monitoring of levels may be needed shortly after transplantation followed by monthly
monitoring. Target concentrations for sirolimus range between 4 and 12 �g/L when
used in combination with a calcineurin inhibitor (145). Similar to tacrolimus, these
relatively low whole blood concentrations can be a challenge analytically for some
of the currently available methods of analysis. As combination immunosuppressant
therapies continue to evolve, target concentrations for sirolimus may become lower,
further challenging the analytical performance of some of the currently utilized assays.

Sirolimus can be measured by immunoassay and HPLC with UV or MS detection.
According to the College of American Pathologist proficiency testing program (1st
survey of 2006), more than 130 laboratories in the USA currently perform sirolimus
testing. Approximately 60% of the laboratories measure whole blood sirolimus by the
Abbott IMx MEIA that became commercially available in 2004. The original Abbott
MEIA kit was only used experimentally to support early clinical studies (investigational
use only) and was never available commercially for routine monitoring of sirolimus.
The “investigational use only” Abbott immunoassay was discontinued in 2001. A
CEDIA for sirolimus (Microgenics) has recently become commercially available for
use on several Roche automated analyzers (Hitachi 911, 912, 917, and modular P).
The Microgenics sirolimus immunoassay is currently not used by many laboratories
in the USA. The majority of laboratories not using the Abbott MEIA (approximately
34%) measure sirolimus by HPLC-MS. The major advantage of HPLC-MS is increased
sensitivity and specificity, despite the need for highly skilled personnel. A few labora-
tories measure sirolimus by HPLC-UV, although this method requires elaborate sample
cleanup procedures and long chromatographic run times (146–148). This results in
higher labor costs, making HPLC-UV methods unsuitable for laboratories supporting
large transplant programs.

4.1.6. Metabolite Cross-Reactivity

Both of the currently available immunoassays have significant cross-reactivity
with sirolimus metabolites. The MEIA method has 58 and 63% cross-reactivity with
41-o-demethyl-sirolimus and 7-o-demethyl-sirolimus, respectively (149). The CEDIA
has 44% cross-reactivity with 11-hydyroxy-sirolimus and 73% cross-reactivity with 41-
and 32-o-demethyl-sirolimus (150). This degree of metabolite cross-reactivity results
in significant bias between assays. The MEIA produces whole-blood sirolimus concen-
trations that are 9–49% higher than those obtained by HPLC-UV and HPLC-MS,
depending on the study and transplant group studied (149,151–155). One study found
that the CEDIA method produces whole blood sirolimus levels with a mean positive
bias of 20.4% compared with HPLC-MS (156). However, immunoassay metabolite
cross-reactivity may be less of an issue from a clinical standpoint because the distri-
bution of metabolites in whole blood are similar among patients and are relatively
stable over long periods of time (157).

4.1.7. Analytical Considerations

The therapeutic window for sirolimus appears to be between 5 and 15 �g/L when
used in combination with CsA and between 12 and 20 �g/L when used alone (130).
Sirolimus levels slightly below the currently used therapeutic range can be a challenge
for some of the HPLC-UV methods, with functional sensitivities (based on between-day
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CVs of <20%) of 2–3 �g/L (147,148). This is also true for the two currently available
immunoassays. The MEIA method has a functional sensitivity that varies among labora-
tories, with values ranging from 1.3 to 3�0 �g/L (149,151–155). Technical variations at
the manual extraction step most likely contribute to the differences in functional sensi-
tivity that were observed among laboratories evaluating the MEIA. One study found
that the CEDIA has a functional sensitivity of 3�0 �g/L (156). HPLC-MS methods
have excellent sensitivity, with functional sensitivities <1 �g/L (158,159). As previ-
ously mentioned, a further advantage of HPLC-MS methods is the ability to measure
multiple immunosuppressants in the same whole blood sample. It is important that
laboratories experimentally determine their own lower limit of detection based on
long-term between day imprecision data (using whole blood samples) and not rely on
package insert information or published data.

The sirolimus MEIA is prone to error that is dependent on hematocrit levels. There
is an inverse relationship between hematocrit and measured sirolimus levels. At a
sirolimus concentration of 5 �g/L, results can be 20% higher for hematocrits of <35%
and as much as 20% lower for hematocrits >45% (149,160). When the hematocrit is
between 35 and 45%, MEIA bias is <10% at sirolimus concentrations ranging from
5 to 22 �g/L. Incomplete extraction of sirolimus from erythrocyte-binding proteins is
the most probable mechanism leading to the hematocrit interference. The CEDIA does
not appear to be affected by variations in hematocrit between 20 and 60% (150); however,
there are no independently published studies supporting the manufacturer’s claim.

4.2. Everolimus
Everolimus (also known as SZD RAD) is a structural analogue of sirolimus with

an additional hydroxyethyl group (Fig. 3). Everolimus is currently in phase III clinical
trials in the USA and has not received FDA approval for use as an immunosuppressive
agent. Because everolimus is still in the experimental stage it will only be briefly
discussed.

4.2.1. Pharmacokinetics

Everolimus has improved bioavailability (161,162) and a shorter elimination half-life
(∼24 h) than sirolimus (163). Everolimus also has lower intrapatient drug variability
than sirolimus (144,164). Concomitant use of CsA results in increased everolimus blood
concentrations due to inhibition of everolimus metabolism (165). Similar to sirolimus,
everolimus is metabolized in the intestine and liver by cytochrome P450 enzymes.
At least 20 metabolites have been identified (166), with mono-hydroxyl, di-hydroxyl,
demethylated, and an open ring form being the major metabolites (167). Metabolites are
in relatively low concentrations when monitoring trough blood concentrations (167).

4.2.2. Methods of Analysis

Immunoassays to measure everolimus are not currently available in the USA and
most likely will lag behind FDA approval of the drug. Seradyn has developed an FPIA
(Innofluor Certican Assay System) to measure whole blood everolimus outside the USA
on Abbott TDx instrumentation (168). The FPIA method has a functional sensitivity
of 2 �g/L (168), which is just below the therapeutic trough blood concentration lower
limit of 3 �g/L (169). When compared with HPLC-MS, the FPIA has a positive
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mean bias of 24.4% in renal transplant recipients (170). The positive bias is due to
differences in calibrator-assigned values and antibody cross-reactivity with everolimus
metabolites (170). Cross-reactivity with metabolites ranges from 5 to 72% (168).
HPLC-UV and HPLC-MS methods are also available to measure everolimus (171,172).

5. MYCOPHENOLIC ACID

MPA is a fermentation product of Penicillium species that was originally shown to
have antibacterial, antifungal, and immunosuppressive potential in animal studies (173).
To improve the bioavailability of MPA, mycophenolate mofetil (brand name CellCept),
the 2-morpholinoethyl ester of MPA was developed for oral and intravenous adminis-
tration (174). Mycophenolate mofetil received FDA approval for use as an immunosup-
pressant with corticosteroids and CsA to prevent organ rejection in 1995. The sodium
salt of MPA, mycophenolate sodium (brand name Myfortic), has recently become
available for oral administration as delayed-release tablets. MPA has primarily replaced
azathioprine in organ transplantation. The chemical structure of the active compound
MPA and the two parent compounds are shown in Fig. 4.

MPA is a potent non-competitive inhibitor of inosine monophosphate dehydro-
genase (IMPDH) enzymatic activity (175). IMPDH is the rate-limiting enzyme in
the production of guanosine nucleotides that are required for DNA synthesis and

Fig. 4. Chemical structures of the active compound mycophenolic acid (MPA), and the two
prodrugs, mycophenolate mofetil and mycophenolate sodium. This figure was published in Critical
Reviews in Oncology/Hematology, Volume, Taylor AL, Watson CJE, Bradley JA, Immunosup-
pressive agents in solid organ transplantation: mechanisms of action and therapeutic efficacy, page 29,
Copyright Elsevier 2005.
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cellular proliferation. Guanosine nucleotides are synthesized in most cell types using
the IMPDH pathway and a separate salvage pathway. However, the salvage pathway
is not found in lymphocytes, and MPA blockage of the IMPDH pathway selectively
inhibits lymphocyte proliferation (176,177). There are two isoforms of IMPDH and
MPA selectively inhibit the type II isoform, which is predominantly expressed by
activated and not resting lymphocytes (178).

5.1. Pharmacokinetics
Mycophenolate mofetil and mycophenolate sodium are rapidly and completely

absorbed, and quickly de-esterified in the blood and tissues to MPA, the active form
of the drug. The half-life of mycophenolate mofetil during intravenous administration
is <2 min (179). Following an oral dose of mycophenolate mofetil, MPA reaches a
maximum concentration within 1 h (180). Almost all the drug (>99%) can be found in
the plasma compartment (181). For this reason, serum or plasma MPA concentrations
are used for routine therapeutic drug monitoring of MPA.

MPA has an elimination half-life of 18 h and is glucuronidated in the liver to
the primary inactive metabolite, 7-o-glucuronide mycophenolic acid (MPAG) (182).
Small quantities of the inactive metabolite 7-o-glucoside are also produced in the
liver (180,183). Another metabolite produced in small quantities is acyl glucuronide,
an active metabolite that may contribute to the adverse gastrointestinal effects of
MPA (184). MPAG exhibits significant enterohepatic recirculation with a second
MPA plasma peak occurring 4–12 h after drug administration. The kidneys primarily
clear MPAG with concentrations rapidly accumulating in patients with severe renal
impairment (glomerular filtration rates <25 mL/min) (185). MPA is extensively bound
in the circulation to albumin with typical concentrations of free or unbound MPA
ranging from 1.25 to 2.5% of the total concentration (181). Free MPA concentrations
are increased in hypoalbuminemia, hyperbilirubinemia, and uremia (186). It has been
shown that the immunosuppressive effects of MPA are related to free MPA and not
the total drug concentration (181). In chronic renal failure, the free concentration of
MPA can increase dramatically indicating over immunosuppression when the total
MPA concentration is within the therapeutic range (186,187).

5.2. Adverse Effects
Adverse effects from mycophenolate mofetil and mycophenolate sodium are similar.

The most common dose-limiting unwanted side effects are diarrhea, nausea, vomiting,
and abdominal pain (188). Marrow suppression and anemia can also occur (94). An
increased risk of cytomegalovirus, candida, and herpes simplex infections has also
been reported (94,189).

5.3. Drug Interactions
Coadministration of CsA results in significantly lower trough concentrations of

MPA (190), most likely because of diminished enterohepatic recirculation of MPAG
and MPA (191). The antibiotics mycostatin, tobramycin, and cefuroxime also decrease
MPA bioavailability by a similar mechanism (192). Tacrolimus may increase the
bioavailability of MPA by inhibiting MPAG formation (193); however, additional
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studies are needed to confirm this potential drug interaction. Steroids such as dexam-
ethasone lower MPA concentrations by augmenting the activity of the enzyme respon-
sible for MPA metabolism. Several non-steroidal inflammatory drugs such as niflumic
acid, diflunisal, flufenamic acid, mefenamic acid, and salicylic acid increase MPA
concentrations by inhibiting MPA glucuronidation (194). Antacids (aluminum and
magnesium hydroxide) lower total MPA exposure by reducing drug absorption in the
gastrointestinal tract. Other drugs such as calcium polycarbophil and iron ion prepa-
rations also result in decreased MPA concentrations by the same mechanism (195).
Lastly, salicylic acid and furosemide increase the free fraction of MPA by altering
albumin binding.

5.4. Preanalytic Variables
Plasma or serum can be used to measure MPA and free MPA blood concentra-

tions (187). However, plasma from EDTA-anticoagulated whole blood is the recom-
mended specimen of choice because the same sample can be used to measure whole
blood CsA, tacrolimus, and sirolimus (196). MPA and MPAG are stable in whole
blood and plasma samples at room temperature for at least 4 h (197). Plasma samples
are stable at 4�C for 4 days and at least 11 months when stored at −20�C (196). Free
MPA is stable for at least 6 months when stored at −20�C (198). Thawing and re-
freezing of plasma samples can be performed up to four times without significant loss
of MPA (199). When monitoring MPA during intravenous infusion of mycophenolate
mofetil, whole blood samples should be immediately placed in ice and the plasma
separated within 30 min (200,201). This is because mycophenolate mofetil is very
unstable and rapidly undergoes temperature-dependent degradation to MPA in whole
blood samples placed at room temperature (200).

Trough concentrations of MPA are routinely used for drug monitoring and are
generally believed to be a relatively good indicator of total drug exposure (202). This
is somewhat surprising as numerous studies have shown that area under the curve
(0–12 h) measurements are more predictive of total drug exposure and acute graft
rejection than trough concentrations (203–205). In addition, MPA trough concentrations
can vary considerably depending upon time after transplantation (205). Nevertheless,
the superiority of area under the curve measurements is probably overshadowed by
practical considerations such as additional testing costs and difficulties associated with
the collection of multiply timed samples.

5.5. Methods of Analysis
When MPA was originally approved for use (as mycophenolate mofetil), therapeutic

drug monitoring was considered unnecessary. However, recent studies have found
wide variations in total drug exposure (as high as 10-fold) following a fixed dose,
suggesting that individualized dosing may be of considerable benefit (206,207). A
roundtable meeting recently recommended therapeutic drug monitoring based on the
interpatient variability and the significant drug interactions associated with combination
immunosuppressive therapy (208).

At the present time, fewer than 30 laboratories in the USA measure MPA (1st CAP
proficiency survey of 2006). Roughly half the laboratories measure MPA using HPLC,
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with the majority of remaining laboratories using HPLC-MS methods. Numerous HPLC
methods with UV, fluorimetric, and MS detection systems have been described to
measure MPA in plasma samples (198,199,209–211). The HPLC methods primarily
differ in sample extraction, analytical column, run-time, and lower limit of detection.
Free MPA can be measured using HPLC methods after separation of protein-bound
MPA by ultrafiltration (185,212). However, free MPA is typically more difficult to
measure and does not appear to be superior to total MPA in predicting clinical outcomes
in most transplant patients (213).

Automated assays to measure MPA are currently not available in the USA. Several
companies are developing product applications for various automated instruments
for either serum and/or plasma samples. For instance, Dade-Behring is developing
an enhanced turbidimetric inhibition immunoassay to measure MPA for use on
Dimension clinical chemistry analyzers (214). Microgenics is developing a CEDIA to
measure MPA on Hitachi, Olympus, and Microgenics (MGC 240) clinical chemistry
analyzers (215). Lastly, Roche (Roche Diagnostics, Indianapolis, IN, USA) is devel-
oping an enzyme receptor assay to measure total MPA and free MPA using the COBAS
INTEGRA system (Roche Diagnostics, Indianapolis, IN, USA) (216). At the time of
this writing, none of these assays have been submitted to the FDA for review.

Dade-Behring has an EMIT 2000 MPA immunoassay that is widely used outside
the USA. The assay can be performed on Dade-Behring Dimension instruments, the
Roche COBAS, and Hitachi automated chemistry analyzers. The antibody used in the
EMIT assay has cross-reactivity with acyl glucoronide (217) and produces MPA values
that are approximately 10–30% higher than those obtained using HPLC (218–221).
The bias can be considerably higher in patients with impaired renal function because
of accumulation of acyl glucoronide (218,222). The positive bias because of acyl
glucoronide cross-reactivity may turn out to be advantageous because metabolite has
in vitro anti-IMPDH activity (206,223).

5.6. Analytical Considerations
The generally accepted therapeutic range for trough MPA plasma concentrations is

1.0–3.5 mg/L (196,224,225). This range of values can be easily measured by currently
available analytical methods with good precision. Concentrations of free MPA are
typically 2% of the total MPA level and can be analytically challenging for some of
the HPLC-UV methods (226). In these situations, the functional sensitivity of the free
MPA assay needs to be carefully validated.

HPLC is the reference method for measuring MPA that other methods are validated
against. This is because HPLC is highly specific for parent compound and is free from
coadministered drug interferences (200,209–211). As immunoassays to measure MPA
become available in the USA, metabolite cross-reactivity and assay bias will have to
be taken into account when interpreting MPA concentrations.

6. CONCLUSION

Advances in immunosuppressive therapy are largely responsible for the success and
improved outcomes that are now obtained following allogeneic organ transplantation.
Today, very few allografts are lost to immune-mediated acute rejection, and there
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is remarkable improvement in patient and graft survival. A major goal of immuno-
suppressive drug therapy is to optimize therapeutic effectiveness while minimizing
unwanted adverse effects. Therefore, therapeutic drug monitoring plays a central
role because a “one size fits all” approach for immunosuppressive drugs has proved
unsuccessful, with optimal drug therapy requiring individualized dosing. Therapeutic
monitoring of CsA, tacrolimus, and sirolimus is now considered an integral part of
organ transplant programs, and several arguments have been made for monitoring MPA.

Although HPLC is considered the reference method for monitoring immuno-
suppressive drugs, the majority of laboratories in the USA are currently using
immunoassays. Immunoassays are attractive because they can be automated, have low
start-up costs, and do not require highly skilled testing personnel. Their major drawback
is metabolite cross-reactivity, which results in varying degrees of positive bias that is
unique to each immunoassay. Furthermore, cross-reactivity is not always predictable
and can vary depending on post-transplant time and type of organ transplanted. The
advantage of HPLC is high specificity and the ability to separate metabolites from
parent compound. Drawbacks of HPLC include the need for extensive sample cleanup,
long analytical run times, and specialized training. This can be partially overcome
by using HPLC with MS detection, which requires less sample preparation and has
shorter run times than HPLC with UV detection. Unfortunately, HPLC-MS systems
are currently very expensive and require highly trained operating personnel. New
HPLC-MS systems with automated sample preparation are emerging that are consid-
erably easier to operate. Given the cost of immunoassay reagents, these newer systems
are becoming more cost effective, especially when one considers that HPLC-MS can
simultaneously measure multiple immunosuppressive drugs in a single whole blood
specimen.

Note: At the time of this book’s printing, the Roche total and free MRA assays had
just been cleared for use in the United States.
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