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Summary

Pregnancy following solid organ transplantation, although considered high risk for maternal, fetal
and neonatal complications, has been quite successful. Tacrolimus pharmacokinetic changes
during pregnancy make interpretation of whole blood trough concentrations particularly
challenging. There are multiple factors that can increase the fraction of unbound tacrolimus,
including but not limited to low albumin concentration and low RBC count. The clinical titration
of dosage to maintain whole blood tacrolimus trough concentrations in the usual therapeutic range
can lead to elevated unbound concentrations and possibly toxicity in pregnant women with anemia
and hypoalbuminemia. Measurement of plasma or unbound tacrolimus concentrations for pregnant
women might better reflect the active form of the drug, though these are technically-challenging
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and often unavailable in usual clinical practice. Tacrolimus crosses the placenta with 7in utero
exposure being approximately 71% of maternal blood concentrations. The lower fetal blood
concentrations are likely due to active efflux transport of tacrolimus from the fetus toward the
mother by placental P-glycoprotein. To date, tacrolimus has not been linked to congenital
malformations, but can cause reversible nephrotoxicity and hyperkalemia in the newborn. In
contrast, very small amounts of tacrolimus are excreted in the breast milk and are unlikely to elicit
adverse effects in the nursing infant.
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There is a growing body of evidence describing successful pregnancies in solid organ
transplant recipients with tacrolimus based immunosuppression (1-5). Nevertheless, these
pregnancies are at increased risk for maternal complications such as preeclampsia,
hypertension, renal impairment, rejection, infection, post-pregnancy graft loss and
miscarriage. Fetal and neonatal complications include preterm birth, stillbirth, intrauterine
growth restriction, low birth weight, reversible renal dysfunction as well as hyperkalemia in
the newborn and rarely neonatal death (1-5). Given the severity of the complications, a
critical evaluation and optimization of tacrolimus therapy during pregnancy is warranted.

Immune Response

Immune changes in pregnancy are complex and are not detailed here in their entirety. A
recent review of this topic has been published by Pazos et al. and can be refered to for a
more detailed discussion (6). In brief, pregnancy creates a unique immune environment in
which the fetus can be tolerated by down regulation of some T-cell mediated immune
responses, while other components of the immune system such as monocytes and
neutrophils are activated (7, 8). T cells, B cells, neutrophils, dendritic cells, monocytes and
natural killer cells are transcriptionally regulated by estrogen (9, 10). CD3, CD4 and CD8 T
cell concentrations in blood are decreased during pregnancy, but the CD4:CD8 ratio is
maintained (8). The effects of pregnancy on cytokines are mixed. Some report increased
concentrations of I1L-2, IL-6 and IL-8 while others describe down regulation of INFy,
TNFa, IL-6, IL-10 and IL-13 but no change in IL-4 (8, 11-15). Pregnancy appears to
promote a generalized activation of circulating leukocytes with up-regulation of adhesion
molecules. B cell lymphopoiesis and total B cell counts are reduced (8, 16); however,
estrogen has been shown to increase antibody production /n vitroand in animal models (17,
18). Thus, it is possible that pregnancy decreases production of new B cells while at the
same time enhancing antibody production from mature B cells (8). Although there is good
evidence to suggest that some aspects of the immune response are dampened during
pregnancy leading to decreased viral clearance and alleviation of symptoms for some
autoimmune diseases, other parts of innate immunity are enhanced (6, 8).

There is a general aversion to using medications during pregnancy; however,
discontinuation of immunosuppression during pregnancy has led to rejection and at least 2
maternal deaths, suggesting that some level of immunosuppression is required (16, 17).
Published data with a variety of immunosuppressives, given alone or in combination, with or
without dosage escalation during pregnancy suggest similar rejection rates as in the non-
pregnant transplant population (19, 20). Rejection rates during pregnancy range from 2-8%
(21, 22). Post-pregnancy graft loss at 2 years is approximately 8% (22). The effect of
pregnancy on allograft function remains controversial (22, 23).
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Physiologic Changes in Pregnancy that Alter Drug Disposition

There are a number of physiologic changes that occur during pregnancy that alter
biotransformation, renal clearance, volume of distribution and protein binding. Pregnancy
increases the activities of some drug-metabolizing enzymes (e.g. CYP3A, CYP2D6,
CYP2C9 and UGT), whereas others (e.g. CYP1A2 and CYP2C19) are decreased (24-29).
Previous work utilizing probe substrates suggests that intrinsic CYP3A activity increases by
25-100% during pregnancy (24, 26, 30, 31).

Not only are there changes in drug metabolism during pregnancy, but also in renal clearance
(24, 32-34). Normal pregnancy is characterized by renal vasodilation. Effective renal
plasma flow increases significantly by 6 weeks gestation, peaking ~50-85% above non-
pregnant values, with a corresponding increase in glomerular filtration rate (GFR) (35-37).
Normal serum creatinine during pregnancy is < 0.7 mg/dL. In addition, there appears to be
an increase in the activity of several renal transporters (e.g. P-glycoprotein) (24, 33, 34).
Changes in enzyme and transporter activities, as well as renal filtration can increase or
decrease concentrations of many drugs (24, 25, 32).

Average weight gain during pregnancy is ~13.5 kg for women with normal BMI (38). The
majority of the weight gain during pregnancy is water (~62%), followed by fat (~30%) and
protein (~8%). Along with the increase in total body water (~7-9 L) are parallel increases in
extracellular fluid and blood volumes (36, 39). Changes in body composition along with
those in protein binding can result in changes in the volume of distribution for some drugs.
Although an increase in volume of distribution alone will not alter average steady state drug
concentrations, it will lead to lower peaks and higher troughs.

Changes in drug binding in blood are most clinically relevant when the percentage bound is
high (>80%). Drugs can bind to plasma proteins such as albumin and a-acid glycoprotein
(AAGQG) or to cellular components such as erythrocytes or lymphocytes. Albumin
concentrations in normal pregnancy decrease by ~1-13% across gestation and by much
more in some allograft recipients (29, 40). Pregnancy also leads to lower plasma AAG
concentrations (~52% lower at 30—36 weeks gestation) (41). Hemoglobin is known to fall by
~11% during normal pregnancy (nadirs mid-pregnancy); however, much greater declines
and anemia have been reported following solid organ transplantation (29, 40). Depending on
the extraction ratio (ER) of the drug across the eliminating organ (liver, kidney), changes in
drug binding may or may not affect drug clearance, volume of distribution and first-pass
metabolism.

For most drugs, particularly those that have low ERs, a decrease in drug binding to plasma
proteins can lead to lower total drug concentrations, but no change in unbound
concentrations (active form of the drug) (29). A well-documented example of this is
phenytoin. For phenytoin, low albumin concentrations result in lower total drug
concentrations but no change in unbound concentrations (42). For this reason, clinicians
either correct the total phenytoin concentrations for changes in binding or measure unbound
concentrations and titrate to the unbound therapeutic range. Like phenytoin, a number of
other agents that have been reported to have an increased fraction unbound during
pregnancy (e.g. tacrolimus, lopinavir, valproic acid, phenobarbital, dexamethasone, and
propranolol) (41, 43).

Tacrolimus Pharmacokinetics in Pregnancy

The complexity of tacrolimus pharmacokinetics makes it particularly interesting from the
research perspective, but challenging from the clinical perspective. Tacrolimus is a substrate
for CYP3A4, CYP3A5 and P-glycoprotein (44, 45). It is also highly bound to plasma
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proteins and erythrocytes. In addition, it has temperature and concentration dependent
partitioning between plasma and red blood cells (RBCs). Using blood for analysis,
tacrolimus is considered to be a low ER drug. However with plasma, it could be considered
a high ER drug. These characteristics, along with the slow tacrolimus uptake and release by
erythrocytes, make predicting the pharmacokinetic changes during pregnancy difficult.

Many case reports discuss the effects of pregnancy on tacrolimus concentrations. Some
describe no change in tacrolimus concentrations or dosage while others report lower
concentrations and / or the need for dosage escalation during pregnancy (1, 2, 4, 46-52).
Interpretation of these reports has been limited by differences in the biologic fluid (blood,
plasma, or serum), non-specific methodologies (ELISA, FPIA), lack of attention to
temperature dependent distribution into RBCs and failure to account for changes in plasma
proteins or RBC concentrations on drug binding. These issues have been addressed by
Zheng et al. (29). This work highlights three important findings described below, which
explain the discrepancies in previous reports. First, tacrolimus fraction unbound and whole
blood oral clearance increase during pregnancy. Second, the changes in whole blood drug
concentrations reflect changes in drug binding due to low RBC count, albumin and perhaps
AAG concentrations during pregnancy. Third, there is no change in whole blood, unbound
oral clearance. The following discussion will address the clinical implications of these
findings in pregnant allograft recipients. We will also comment on tacrolimus /n utero
exposure and neonatal exposure through breast milk.

Tacrolimus Distribution in Blood

Tacrolimus concentrates in erythrocytes, with blood-to-plasma ratio ranging from 4:1 to
42:1 (29, 53). Tacrolimus binding to erythrocytes accounts for 85-95% of the drug in blood,
which slowly equilibrates with plasma (54-56). Patients with higher RBC counts or lower
tacrolimus concentrations exhibit greater tacrolimus blood-to-plasma ratios (29, 57). In
pregnancy, RBC counts decrease as a result of rapid volume expansion and relatively greater
increase in plasma volume than RBC mass (58). Tacrolimus is highly protein bound (< 3%
unbound) to both albumin and AAG in plasma, accounting for 5-15% of the drug in blood
(29, 55, 59). Changes in albumin, AAG and RBCs will alter tacrolimus binding (29, 60).
Therefore, if there is no change in the unbound intrinsic clearance of tacrolimus, a decrease
in albumin, AAG and / or RBC count should lead to a fall in whole blood concentration, but
no change in unbound concentration. Figure 1A-D depict this concept by comparing the
distribution profile within the blood in normal, anemic and / or hypoalbuminemic patients
without any adjustment in dosage or change in intrinsic clearance of unbound drug. Figure
1A is a state of normal RBC count and albumin concentration. Tacrolimus is concentrated in
the RBCs and most of the tacrolimus in plasma is bound to plasma proteins. In this example,
the whole blood concentration is 10, plasma concentration is 3, and unbound concentration
is 1. Figure 1B and 1C are examples of the same situation except the patient has anemia and
hypoalbuminemia, respectively. The active form of the drug (unbound concentration) in
both cases is still 1, but the whole blood concentrations are now 7 and 9, respectively. In
Figure 1D the patient has anemia and hypoalbuminemia as is often seen during pregnancy in
allograft recipients. In this example, the unbound concentration stayed the same at 1, but the
whole blood concentration fell to 6. Conceptually, this is the same situation for tacrolimus
during pregnancy in allograft recipients described by Zheng et al. (29).

Clinically, trough tacrolimus concentrations are measured in whole blood, thus dosage
titration to maintain trough concentrations in the therapeutic range leads to an increase in
unbound tacrolimus concentrations. With this increase comes the potential for tacrolimus
toxicity. To illustrate the clinical implications of this, the subjects participating in the Zheng
et al. study are presented in Figure 2A-D and Table 1. The whole blood oral clearance for
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tacrolimus is 39% higher during pregnancy compared to postpartum. The consequence of
the increase in oral clearance in pregnancy can be graphically seen in Figure 2A, in which
the dose-normalized, whole blood, trough concentrations are lower during pregnancy than
postpartum. If no dosage adjustments had been made, the whole blood trough concentrations
would have fallen. However, as this started to occur, the clinicians increased the tacrolimus
dosage (Figure 2B). In doing so, they were quite successful at maintaining whole blood
trough concentrations within the target range as seen in Figure 2C. However, because the
tacrolimus whole blood unbound fraction increased by ~100% during pregnancy and there
was no change in tacrolimus unbound oral clearance in blood, without realizing it, these
dosage adjustments resulted in a markedly higher unbound tacrolimus trough concentrations
(active form), as shown in Figure 2D. Although maintaining whole blood tacrolimus trough
concentrations in the usual therapeutic range during pregnancy has been routine in many
transplant centers, it is unclear if this is the optimum approach.

Establishing the optimum therapeutic range for tacrolimus during pregnancy is not possible
based on the paucity of available data. The impacts of tacrolimus unbound and plasma
concentrations have been evaluated for efficacy in the non-pregnant population. The
concentration of tacrolimus in the blood primarily reflects RBC concentration, which does
not necessarily reflect lymphocyte concentration or its availability to interact with
intracellular targets (61, 62). Several experts suggest that unbound concentration of
tacrolimus better correlates with incidence of rejection (63-65). Unbound drug, which is
available for cellular diffusion and cellular distribution, may be more reflective of target site
concentration. Indeed, tacrolimus plasma concentrations in patients are in the range of /n
vitro lymphocyte proliferation inhibitory concentrations (66—68). Zahir et al. reported that
the percentage of tacrolimus associated with the lymphocytes and unbound concentration in
blood were significantly higher in stable allograft recipients than in those experiencing
rejection (69). Tsunoda et al. suggested that concentrations in the transplanted organ itself
might be more predictive of the pharmacological effect of tacrolimus (70). Hepatic tissue
concentrations of tacrolimus were found to be significantly higher in patients without
rejection than in patients experiencing rejection episodes after liver transplantation (71).
Based on the data from Zheng et al., (29), it is expected that if the tacrolimus dose were not
increased during pregnancy to maintain a supposed therapeutic whole blood trough
concentrations, the unbound tacrolimus concentration in blood would be comparable during
pregnancy and postpartum. This assumes that no other factors alter the unbound tacrolimus
concentrations. Given the high variability in tacrolimus pharmacokinetics, this assumption
will not always hold. Even so, in many patients, the therapeutic benefit of tacrolimus may
not be compromised by withholding dosage adjustment unless warranted by other
confounding variables. Consistent with this, Jain et al. reported no rejection episodes in 21
pregnancies in which tacrolimus dosage was not adjusted during gestation despite lower
trough concentrations (2).

Tacrolimus Therapeutic Range in Pregnancy

Only whole blood concentrations are currently available in the clinical setting, thus careful
consideration should be given to those patients that have significant anemia and
hypoalbuminemia. Multiple studies have reported correlations between RBC count and
whole blood tacrolimus concentrations (29, 60, 72). However, the unbound concentration
should not change if no dosage adjustments are made and no other factors occur that would
alter tacrolimus concentrations. Due to the variability in tacrolimus concentrations, the
challenges with treating rejection during pregnancy and the potential for tacrolimus whole
blood concentrations to fall below the lower limits of assay capability, clinicians are likely
to be concerned about not adjusting the tacrolimus dosage. If the decision is made to
maintain whole blood trough concentrations in the usual therapeutic range during pregnancy
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in hypoalbuminemic and/or anemic patients, it must be recognized that unbound
concentrations might be double those measured prior to pregnancy. The choice of target
whole blood concentrations should take into account the individual patient’s history, current
medical conditions, concomitant medications and the potential impact of high or low
unbound concentrations.

Not only is it important to consider the effects of tacrolimus concentrations on efficacy, but
toxicity as well. Trull et al. (73) reported that in non-pregnant liver allograft recipients
receiving tacrolimus who were randomized post-transplantation to 2 weeks of albumin
infusion or artificial plasma expander, those with the albumin infusions and corresponding
higher serum albumin concentrations had lower serum creatinine concentrations and higher
rejection rates. No significant differences were observed in whole blood tacrolimus
concentrations between groups. It was suggested that the greater unbound fraction of
tacrolimus in the artificial plasma expander group might have led to an increase in
nephrotoxicity and lower rejection rate by increasing the active form of the drug. Excluding
the patient experiencing rejection during pregnancy from the subjects studied by Zheng et al.
(29), Figure 3A-C demonstrates an apparent correlation between serum creatinine
concentration and tacrolimus trough whole blood, plasma and unbound blood
concentrations, respectively. Although the data are limited, tacrolimus nephrotoxicity during
pregnancy appears to correlate best with trough plasma concentrations. In normal
pregnancies, a substantial increase is expected in creatinine clearance. Not surprisingly,
given the doubling of unbound tacrolimus concentrations observed by Zheng et al. (29), the
expected increase in creatinine clearance during mid-/late-pregnancy (115.2 + 54.3 mL/min)
as compared to postpartum (129.8 + 52.2 mL/min) was not observed. Accordingly, the
attenuated creatinine clearance during pregnancy may reflect tacrolimus nephrotoxicity.
Backman et al. (74) suggested that monitoring tacrolimus plasma concentrations would be
superior to whole blood, based the reduction in GFR correlating with yearly mean
tacrolimus plasma but not with whole blood concentrations or dosage. Notably, Zheng et al.
(29) observed a strong correlation between tacrolimus plasma and unbound concentrations
in blood (r = 0.9, £<0.0001), whereas a weaker correlation existed between whole blood
and unbound concentrations (r = 0.6, £=0.004).

In addition to nephrotoxicity, other tacrolimus side effects are likely to be worsened due to
the elevated unbound concentrations during pregnancy. For example, pregnancy
complications in kidney transplant recipients include high rates of infection (22%),
hypertension (56%), preeclampsia (32%) and low birth-weight infants (46%) (5). In
addition, diabetes occurs in 8% of the kidney transplant patients receiving tacrolimus during
pregnancy. We were unable to locate published reports on the frequency of tacrolimus-
induced neurotoxicity during pregnancy. For all of these adverse effects, other than
nephrotoxicity, data are lacking on concentration-response during pregnancy to evaluate the
effects of elevated unbound tacrolimus concentrations on their incidence and severity.

Fetal Exposure

Tacrolimus, like most drugs, crosses the placenta, with umbilical cord concentrations being
~71%, 23% and 19% of maternal concentrations for whole blood, plasma and unbound,
respectively. (75). The downward concentration gradient from maternal circulation to
umbilical cord probably reflects the active efflux of tacrolimus from the fetus toward the
mother by placental P-glycoprotein as well as the difference between maternal and fetal
hematocrits. Even with some transfer across the placenta, tacrolimus does not appear to
cause congenital malformations (1). However, tacrolimus has been reported to cause
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reversible neonatal hyperkalemia and renal impairment (1). In addition, intrauterine growth
restriction as well as premature delivery due to hypertension, preeclampsia and premature
rupture of membranes have been reported (1, 47, 76, 77). The long-term effects of in utero
exposure to tacrolimus are not known, but the usual well-known complications from
prematurity and/or low birth weight are expected to be observed in the infant when part of
the clinical picture. Further research is needed to evaluate the long-term effects of in utero
exposure to tacrolimus on outcomes in the offspring including neurobehavioral,
cardiovascular, renal, endocrine, immunologic and oncologic.

Breast Milk

Tacrolimus is excreted in the breast milk with infant ingestion reported to be < 1% of the
maternal weight-adjusted dosage (75, 78, 79). Breastfeeding does not appear to contribute to
tacrolimus concentrations in the infant postpartum (80). A limited number of cases report no
adverse effects in the nursing infants while the mother was receiving tacrolimus therapy
(79-81). The American Academy of Pediatrics has listed cyclosporine in their table entitled
“Cytotoxic drugs may interfere with cellular metabolism of the nursing infant” (82).
Theoretically, calcineurin inhibitors might alter the immune benefits transferred to the
nursing infant, however no reports were found. Similar to most medications, product
labeling for tacrolimus states that nursing should be avoided. However, the amount that is
excreted through the breast milk is extremely low and unlikely to have any effect on the
nursing infant. Infant exposure during lactation is expected to be far lower than in utero
exposure. Blood level monitoring of the infant while being mindful of the effects of plasma
proteins and RBC count on drug binding could be considered if concerns arose.

Conclusions

For pregnant transplant recipients with anemia and/or hypoalbuminimia, monitoring plasma
or unbound tacrolimus trough concentrations, although more costly and less readily
accessible, might better predict drug efficacy and toxicity than whole blood concentrations
(29, 32, 67, 74). Significant changes occur in tacrolimus whole blood oral clearance when
the RBC count falls below 3.5 million/i.L and in the percent unbound when albumin
concentration falls below 3.0 G/dL in pregnant transplant recipients. Therefore, if tacrolimus
whole blood concentrations are the only available assay, clinical interpretation of trough
tacrolimus concentrations for these women should take into account RBC count and serum
albumin concentration. A couple of proposed strategies are available to clinicians caring for
pregnant transplant recipients with hypoalbuminemia and/or anemia. 1. Maintain whole
blood concentrations in the usual therapeutic range, until she develops signs and symptoms
of tacrolimus toxicity then decrease the dose, or 2. Do not adjust the dose unless the
concentrations fall by more than 50% or they fall below the lower limit of the clinical assay,
then increase the dose. This assumes that no other factors exist that lower tacrolimus
concentrations. The first approach will increase the patient’s risk for toxicity and the second
for rejection. Following in utero exposure to tacrolimus, no evidence of congenital
malformations has been identified. Tacrolimus appears to be compatible with breastfeeding.
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IL-13
INF
OAT
OCT
RBC
SD

T cell
TNF
UGT

References

aq-acid glycoprotein

B lymphocyte

cluster of differentiation 3 cells
cluster of differentiation 4 cells
cluster of differentiation 8 cells
cytochrome P450 1A2
cytochrome P450 2C9
cytochrome P450 2C19
cytochrome P450 2D6
cytochrome P450 3A4
cytochrome P450 3A5
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Figure 1.

Depicts a theoretical representation of tacrolimus distribution in blood of patients with A.
normal red blood cell count and normal albumin, B. anemia and normal albumin, C. normal
red blood cell count and hypoalbuminemia and D. anemia and hypoalbuminemia.
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Figure 2.

A. Average (x SD), dose-normalized (1 mg/day), whole blood tacrolimus trough
concentrations during early-, mid-, and late-pregnancy as well as > 3 months postpartum. B.
Average (£ SD) tacrolimus dose (mg/day) during early-, mid-, and late-pregnancy as well as
> 3 months postpartum. C. Average (+ SD) whole blood tacrolimus trough concentrations
during early-, mid-, and late-pregnancy as well as > 3 months postpartum. D. Average (+
SD) unbound tacrolimus trough concentrations during early-, mid-, and late-pregnancy as
well as > 3 months postpartum.
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Figure 3.
Correlations between serum creatinine concentrations during pregnancy and postpartum and

A. blood, B. plasma and C. unbound tacrolimus trough concentrations in non-rejecting
transplantation recipients
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Average tacrolimus dose, whole blood and unbound trough concentrations during early-, mid-,and late-

Table 1

pregnancy as well as > 3 months postpartum

Early- Mid- Late- >3 Month
pregnancy | pregnancy | pregnancy | Postpartum
Dose-Norm alized (per 1 mg/day) 0.8+0.03 04+0.1 0.8+0.04 09+0.5
Tacrolim us Trough Concentrations
(ng/m L)
Average Tacrolim us Dose (mg) 69+25 9.3+16 6.7+3.3 56+1.8
Average Tacrolim us Whole Blood 56+4.1 40+0.7 49+24 44+14
Trough Concentration (ng/mL)
Average Tacrolimus Unbound Trough | 0.011 + 0.014 + 0.018 + 0.008 +
Concentration (ng/m L) 0.008 0.007 0.010 0.003
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