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Abstract

Background—It has been well-documented that the level of serum/plasma free triiodothyronine
(fT3) falls rapidly following brain death or during certain surgical procedures, e.g., heart surgery
carried out on cardiopulmonary bypass. The level in patients following cardiopulmonary bypass
usually recovers within 2 days.

Methods—We have measured serum fT3 in healthy naive baboons (n=31), healthy naive
monkeys (n=5), and after pig-to-baboon heterotopic heart xenotransplantation (xenoTx) (Group1,
n=9), orthotopic liver xenoTx (Group2, n=10), artery patch xenoTx (Group3, n=9), and in
monkey-to-monkey heterotopic heart alloTx (Group4, n=5).

Results—The mean level of fT3 in healthy naive baboons was 3.1+0.9pg/mL and in healthy
naive monkeys was 2.6+0.3pg/mL. Following pig heart, liver, and artery patch xenoTx and
monkey heart alloTx, there was an immediate rapid fall in fT3 level. Recovery of fT3 was more
rapid in Groups 3 and 4 than in Groups 1 and 2. In Groupl, within 4 days fT3 had recovered, but
only to the lower limit of normal range, where it remained throughout follow-up (for up to 42
days). In Group2, no recovery was seen during the 7 days of follow-up. In immunosuppressed
baboons with pig patch grafts that received IL-6R blockade (n=2), the fT3 tended to rise higher
than in those that received no IL-6R blockade (n=6).

Conclusions—TFollowing operative procedures, there is a dramatic fall in serum fT3 levels. The
persistent low level of fT3 after pig heart and liver xenoTx may be associated with a continuing
inflammatory state. We suggest consideration should be given to the replacement of T3 therapy to
maintain normal fT3 levels, particularly in nonhuman primates undergoing orthotopic pig heart or
liver xenoTx.
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INTRODUCTION

In acute or chronic stress conditions (medical, surgical, or traumatic), a rapid decline in
serum/plasma thyroid hormone levels (free triiodothyronine [fT3] and free levothyroxine
[fT4]) is recognized as the euthyroid sick syndrome (ESS) or low-T3 syndrome (1-3). In
critically ill patients, the magnitude of reduction in fT3/fT4 has been shown to correlate with
patient mortality (2). In these patients, fT4 is mainly converted to reverse T3 (rT3), and so
the level of fT3 falls. The higher the rT3/fT3 ratio, the greater is the patient mortality.

The ESS is also seen in brain-dead potential organ donors (4) and patients on
cardiopulmonary bypass (5-7). The ESS is often associated with depressed myocardial
function, sometimes referred to as the ‘stunned myocardium’.

Thyroid hormones play an important role in mitochondrial function (generation of high-
energy phosphates and prevention of tissue lactic acidosis) and intracellular homeostasis of
calcium (8,9). The effect of T3/T4 therapy has been studied under conditions in which the
ESS and myocardial functional depression have been documented. For example, in studies
of brain-dead potential organ donors, T3 replacement therapy was associated with
significant improvement in myocardial energy stores and hemodynamic status. There was an
increased percentage of organs recovered from brain-dead donors treated with T3 hormone,
which was also followed by excellent organ function in the recipients (8,10,11).

Following the administration of T3 hormone to brain-dead donors, adenosine phosphate and
creatine phosphate recovered to normal levels, lactate was reduced, and glycogen levels
improved. These changes were associated with improved cardiac output and stroke volume
(8,12,13). In patients undergoing cardiac surgery on cardiopulmonary bypass, myocardial
dysfunction rapidly improved following thyroid replacement therapy, allowing all forms of
myocardial support to be discontinued or significantly reduced (7,14).

The primary aim of the present study was to measure fT3 levels in baboon recipients of pig
heart, liver, or artery patch xenografts to determine whether the operative procedure and/or
the inflammatory state that occurs after xenotransplantation (xenoTx) are reflected in low
fT3 levels. These data would provide guidance on whether T3 replacement therapy might be
indicated after pig organ xenotransplantation, particularly after orthotopic pig heart xenoTx.

MATERIALS AND METHODS

Animals

Baboons (Papio species, n=31; Division of Animal Resources, Oklahoma University Health
Sciences Center, Oklahoma City, OK) weighing 6-10kg and of various AB blood groups
were sources of blood and recipients of pig hearts or artery patch grafts.

Xenotransplantation. Author manuscript; available in PMC 2017 July 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Iwase et al.

Page 3

Genetically-engineered pigs (Revivicor, Blacksburg, VA), weighing 7-30kg, all of non-A(O)
blood group, served as sources of hearts, livers, or carotid artery patch grafts (Tablel)
(15-19). Four baboons received heterotopic hearts from a.1,3-galactosyltransferase gene-
knockout (GTKO) pigs expressing two human complement-regulatory proteins (CD46/
CD55), and five from GTKO/CD46 pigs expressing one or three human coagulation-
regulatory proteins (GTKO/CD46/thrombomodulin [TBM] [n=3] or GTKO/CD46/CD55/
TBM/ endothelial cell protein C receptor [EPCR] /CD39 [n=2]) (18,20) (Tablel). Baboons
(n=10) also received orthotopic liver grafts from GTKO or GTKO/CD46 pigs (21). Carotid
artery patches were taken from GTKO/CD46 pigs or GTKO/CD46 pigs expressing a mutant
human MHC class Il transactivator (CIITA) (17,20,22) (Tablel).

Cynomolgus monkeys (Macaca fascicularis, n=5, Alpha Genesis, Yemassee, SC), weighing
3-5kg, were recipients of ABO-compatible heterotopic heart allografts, as previously
reported (23) (Tablel).

All animal care was in accordance with the Principles of Laboratory Animal Care
formulated by the National Society for Medical Research and the Guide for the Care and
Use of Laboratory Animals prepared by the Institute of Laboratory Animal Resources and
published by the National Institutes of Health (NIH publication No. 86-23, revised 1985).
Protocols were approved by the University of Pittsburgh Institutional Animal Care and Use
Committee.

Heart, liver, or artery patch transplantation

Anesthesia, intravascular line placement in baboons and monkeys, and pig-to-baboon
heterotopic heart (24,25), orthotopic liver (21), and artery patch (26) xenoTx, and monkey
alloTx (23) have been described previously.

Immunosuppressive and anti-inflammatory therapy

For the heart or artery patch xenoTx experiments, immunosuppressive therapy was based on
costimulation blockade using either (i) anti-CD154mAb or (ii) CTLA4-1g +/- anti-
CD40mADb (2C10R4) or (iii) anti-CD40mAb (17-19,21) (Tablel). Two immunosuppressed
baboons with pig artery patch grafts also received IL-6R blockade (tocilizumab, [10mg/kg]
Actemra, Genentech, South San Francisco, CA). In the liver xenoTx (21),
immunosuppressive therapy was based on induction with ATG or cyclophosphamide (+
tacrolimus/ mycophenolate mofetil/ corticosteroids). In heart alloTx (23) experiments,
immunosuppressive therapy was based on ATG (+ tacrolimus / rapamycin) or alemtuzumab
(+ mycophenolate mofetil / rapamycin).

Measurement of serum free triiodothyronine (fT3)

Serum samples were obtained from all recipients before and from some at intervals after Tx.
The blood level of fT3 was measured by Antech Diagnostics (Southaven, MS). A total of
191 serum samples were collected from 31 baboons and 5 monkeys. The blood level of rT3
was measured by Quest Diagnostics, Pittsburgh, PA. Only 10 sera (from 5 baboons — heart 2,
liver 1, artery patch 2) were available in sufficient quantity for rT3 measurement.
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Statistical analysis

RESULTS

Statistical analysis was performed using social sciences software GraphPad Prism 5.0
(GraphPad Software, La Jolla, CA). Data are presented as mean and standard deviation (SD)
for all variables. Significance of the difference between two groups was determined by
paired Student t test or Mann-Whitney test. A p value of <0.05 was considered statistically
significant.

Clinical course and graft survival

Baboons with pig heart xenoTx (Group1) were euthanized for either graft failure (n=3) or
for complications of immunosuppressive therapy (n=5) or indwelling vascular catheters
(n=1) between 2 and 18 weeks post-Tx (Tablel), but serum fT3 levels were only measured
during the first 6 weeks. Baboons with pig liver grafts (Group2) were euthanized or died
from complications of thrombocytopenia within 7 days (21). Baboons with pig carotid artery
patch xenoTx (Group3) were electively euthanized 28, 49, or 84 days post-Tx. Monkeys
with heart alloTx (Group4) were euthanized after graft failure between 1 and 3 months post-
TX, but fT3 levels were only measured during the first 14 days (23).

Free triiodothyronine (fT3)

The levels of fT3 in healthy naive baboons (n=31) ranged from 2.2-4.0pg/mL (mean
3.1pg/mL) and in healthy naive monkeys (n=5) from 2.3-2.9pg/mL (mean 2.6pg/mL).

In Group1, following pig heterotopic heart xenoTx there was a rapid fall of fT3 within 4h to
0.9pg/mL, a reduction of 66% from pre-Tx (p<0.01) (FigurelA). This level remained
unchanged (0.9pg/mL) at 24h. The fT3 level recovered to just below the normal range
(approximately 2.0pg/mL) within 4 days, but tended to fall when either a systemic infectious
complication was suspected or histopathological features of a thrombotic microangiopathy
occurred in the graft.

In Group2, following orthotopic pig liver xenoTx there was a rapid fall of fT3 within 4h to
0.3pg/mL, a reduction of 90% from pre-Tx (Figurel1B). There was no recovery during the 7
days of follow-up.

In Group3, following pig artery patch xenoTx, the fT3 fell to 1.1pg/mL at 24h, a reduction
of 69% from preTx (p<0.01), recovering to 2.4pg/mL by day 4, and remaining in the normal
or near-normal range thereafter (Figure2A). In one baboon that did not receive any
immunosuppressive therapy, the fT3 level tended to remain rather lower during the first
month than in the 8 baboons that received immunosuppressive therapy (Figure2A). After the
first two weeks, the fT3 level in two immunosuppressed baboons that received IL-6R
blockade tended to be higher than in the baboons that did not receive IL-6R blockade,
though, in view of the small numbers, the statistical significance was not calculated
(Figure2B). After the initial fall, the mean fT3 level in the baboon recipients of pig artery
patch grafts tended to be higher than in the baboon recipients of pig hearts (p<0.05).
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In Group4, the mean pre-Tx level of fT3 in monkeys was 2.6pg/mL, with a range from 2.3 to
2.9pg/mL (FigurelA). Following cardiac alloTx, the level fell to 1.1pg/mL at 24h, a
reduction of 60% from pre-Tx (p<0.05), recovering to 2.6pg/mL by day 4, where it remained
for the 14 days of follow-up.

Reverse T3 (rT3)

“Sera from 5 baboons were available for testing pre-transplant and one day post-transplant.
The mean rT3 level pre-transplant was 13ng/dL (median 14ng/dL), but by post-transplant
day 1 had significantly risen to a mean of 43ng/dL (median 27ng/dL) (p<0.01).”

DISCUSSION

The cause of the rapid fall in fT3 (resulting in the ESS) in brain-dead potential organ donors
and after cardiopulmonary bypass is uncertain, but is associated with a generalized
inhibition of mitochondrial function, which results in the loss of myocardial energy stores
and diminished cardiac function (8). Deterioration of cardiac function after brain death or
after open heart surgery can be reversed by the administration of T3 or T4 (2,7,8,11,14).
This results in rapid replenishment of myocardial energy stores and improvement in cardiac
output (8).

The ESS is frequently associated with the presence of high levels of plasma and/or tissue
catecholamines (27), but may also be associated with an inflammatory response, although its
cause may be multifactorial (2). We have shown that systemic inflammation in xenograft
recipients (SIXR) (26,28) is associated with failure of an organ xenograft.

In the present studies, the fT3 level in healthy naive baboons varied between 2.2 and
4.0pg/mL (mean 3.1pg/mL). In healthy naive monkeys, the fT3 level was similar (mean
2.6pg.mL) to that of healthy naive baboons. In all four groups, following xeno- or alloTX,
there was a rapid decline of fT3 within hours, presumably a response to the stress of the
procedure. Following pig heart xenoTx (Groupl), fT3 recovered slowly and only to the low-
normal range, where it remained throughout follow-up (42 days). It was also observed that
there was a reduction in fT3 whenever a systemic infection was suspected or when
thrombotic microangiopathy was developing in the graft, suggesting that monitoring of fT3
might prove to be a non-specific indicator of an inflammatory state associated with an
infectious complication or graft failure, though further observations are required in this
respect. In monkeys with heart alloTx (Group4), recovery of fT3 to normal levels was rather
better sustained.

Following pig orthotopic liver xenoT (Group2), the reduction in fT3 was rather greater, and
there was no significant recovery during the 7 days of follow-up (during which period a
profound thrombocytopenia persisted). In immunosuppressed baboon recipients of pig artery
patch xenoTx (Group3), the fT3 level recovered to a higher level than in the baboons with
heart or liver grafts, though it took slightly longer to recover in the one baboon that did not
receive immunosuppressive therapy. The addition of IL-6R blockade also appeared to be
associated with a quicker recovery of fT3 levels and a higher sustained level.
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Although the number of serum samples we were able to test was small, there was a
reciprocal rise in rT3 when fT3 fell, as anticipated from previous studies of ESS by others
(reviewed in 13).

We have also monitored serum fT3 levels in one baboon undergoing life-supporting pig
kidney xenoTx. The pattern of events was similar to that in the baboons after heart xenoTx.
The fT3 level rapidly fell from a pre-Tx level of 3.0pg/mL to 1.2pg/mL within 24h (a
reduction of 60%) and remained low at 4 days (0.9pg/mL) (not shown). By 7 days, however,
it had recovered to the lower limit of the normal range. We have also observed a significant
fall in fT3 levels in baboons with major immunological or infectious complications,
suggesting that changes in fT3 could be a useful marker for serious complications, e.g.,
impending graft failure.

Our experiments suggest that (i) pig heart, liver, kidney, or artery patch xenoTx is associated
with a significant reduction in fT3, which (by correlating this observation with previous
studies) might result in reduced myocardial energy stores and hemodynamic status; (ii)
following heart Tx recovery of fT3 occurs within 4 days, but the level in baboons with heart
xenografts remains lower when compared to monkeys with heart allografts or baboons with
pig artery patch grafts; (iii) recovery of fT3 to the normal range did not occur in baboons
with orthotopic pig liver grafts (during the 7 days of follow-up); (iv) the persisting lower
levels of T3 following heart or liver xenoTx may be associated with a continuing
inflammatory state associated with the presence of the pig graft (2,26,28).

In our previous studies, we demonstrated that C-reactive protein (CRP) levels rose
immediately after pig artery patch or heart xenoTx in baboons, and that the high level was
sustained throughout the period of follow-up (26). This suggests that, even after pig artery
patch xenoTx, inflammation was induced throughout the post-Tx course (with follow-up for
up to 84 days). The present study indicates that the rise in CRP is associated with a sustained
reduction in fT3, which we suggest is also associated with the inflammatory state.

Among multiple markers of inflammation, tumor necrosis factor-alpha (TNF-a) may
participate in the mediation of the ESS. For example, the infusion of TNF-a in humans
results in a decrease in serum T3 and T4 levels (29). The infusion of interleukin-1 (IL-1)
(30), interleukin-6 (IL-6) (31,32), or interferon-alpha (IFN-a) (33) produces a similar effect.
As both TNF-a and IL-1 can induce the release of IL-6, this suggests that IL-6 may be the
mediator of cytokine-induced changes in thyroid hormone levels (34).

Furthermore, a relationship between low T3 and inflammation has been reported (35-37).
Lee et al demonstrated that increased levels of serum IL-6 and TNF-a negatively correlated
with thyroid hormone concentrations in transplant recipients, suggesting a role for these
cytokines in ESS (35). Lubrano et al. reported that inflammatory markers, such as IL-6,
TNF-a, and CRP, correlated inversely with fT3 in patients with advanced heart failure (37).
In the present study, the mean levels of IL-6 continued to be elevated in the pig artery patch
recipients (not shown), and correlated with CRP levels. Therefore, following xenoTx, the
persisting low fT3 may be associated with an ongoing inflammatory state.
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There have been reports of a high early mortality after pig orthotopic heart xenoTx in
baboons, particularly within the first 48h (38; McGregor C, and Mohiuddin M, personal
communications). This high early mortality may be associated with the fall in fT3 (and
depletion of myocardial energy stores that perhaps are not fully replaced as the fT3 level
remains low for a considerable length of time). We suggest consideration should be given to
T3 replacement therapy. Whether the administration of T3 or T4 during the post-xenoTx
period will help suppressing the inflammatory state remains uncertain, but there is evidence
in alloTx that T3 can have this effect (2).

In summary, a rapid decline of fT3 is seen after allo- or xeno-Tx operative procedures and a
low level may be sustained in the presence of a pig heart or liver xenograft. This may be
associated with a generalized inhibition of mitochondrial function, resulting in loss of
energy stores, and diminished organ function. The prolonged low fT3 level after xenoTx
may be related to an ongoing inflammatory state. Therefore, we suggest the use of thyroid
hormonal replacement therapy (T3) to any nonhuman primate with the ESS and/or a
‘stunned myocardium’. This would include baboons with orthotopic pig heart xenoTx. T3
therapy would enable normal levels of fT3 to be maintained, and may allow a rapid recovery
of myocardial energy stores and cardiac function. Furthermore, thyroid hormonal
replacement therapy may also help in suppressing the inflammatory state that persists in the
presence of a pig xenograft.
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Figure 1.

Changes in fT3 levels in nonhuman primate recipients following (A) heterotopic heart grafts
(xeno or allo) or (B) orthotopic liver xenotransplantation (Tx).

(A) In both xeno- and allo-heart recipients, there was a rapid fall of fT3 level to 0.9pg/mL
(in xenoTx) and 1.1pg/mL (in alloTx), respectively, within 24 hours (p<0.01; p<0.05,
respectively). Within 4 days after Tx, the level of fT3 had recovered after heart xenoTx to
just below the lower limit of normal range, but to a higher level after alloTx. Reductions in
the level of fT3 were observed in baboons that were suspected of developed a systemic
infection, or had histopathological features of a thrombotic microangiopathy.
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(B) After liver xenoTx, there was a rapid fall of fT3 to 0.3pg/mL within 4hours with little
recovery during the 7 days of follow-up. The horizontal lines indicate the normal range of
fT3 in healthy naive baboons.
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Figure 2.
Changes of fT3 levels in baboon recipients following (A) pig artery patch (with or without

immunosuppressive therapy [IS]), or (B) pig artery patch xenotransplantation (with or
without receiving IL-6R blockade).

(A) In immunosuppressed baboon recipients of pig artery patch grafts, mean fT3 level
markedly decreased from 3.6pg/mL pre-Tx to 1.1pg/mL (p<0.01) within 24h. Within 4 days,
it had recovered to within the normal range (mean 2.4pg/mL) where it remained through
follow-up. In the one baboon that received no immunosuppressive therapy, the fT3 level
tended to remain rather lower during follow-up (though not significantly different).

(B) A rapid fall and recovery of fT3 was observed after pig artery patch Tx in
immunosuppressed baboons, but the fT3 levels recovered more rapidly in baboons receiving
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IL-6R blockade. When IL-6R blockade was not administered, the recovery of fT3 tended to
be slower. The horizontal lines indicate the normal range of fT3 in healthy naive baboons.
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GROUP PIG MAINTENANCE
IMMUNOSUPPRESSIVE

THERAPY

FOLLOW-UP
(Days)

1.HEART (Heterotopic) XENOTX

(n=9) GTKO/hCRP+/-hCoagRP CTLA4-Ig+/-anti-CD40mAb- or

anti-CD154mAb-based (18)

15-130

2.LIVER (Orthotopic) XENOTX

(n=10) GTKO+/-CD46 ATG or cyclophosphamide/tacrolimus

/mycophenolate mofetil/corticosteroids (21)

<7

3. ARTERY PATCH XENOTX

(n=8) GTKO/hCRP+/-CIITA CTLA4-Ig+/-anti-CD40mAb- or

anti-CD40mAb-based (17)
(n=1) GTKO/hCRP None

28-84

49

4HEART (Heterotopic) ALLOTX
(n=5) ATG/tacrolimus/rapamycin (n=4)

Alemtuzumab/mycophenolate mofetil/
rapamycin (23) (n=1)

14

GTKO/hCRP = a1,3-galactosyltransferase gene-knockout pigs transgenic for at least one human complement-regulatory protein (CD46 and/or

CD55).

GTKO/hCRP/hCoagRP = a1,3-galactosyltransferase gene-knockout pigs transgenic for one human complement-regulatory protein (CD46) and at

least one human coagulation-regulatory protein (e.g., thrombomodulin).

CIITA = mutant human MHC class I transactivator knock-down.

Anti-CD40 (2C10R4) and anti-CD154 mAb were kindly provided by Dr. Keith Reimann through the NIH NHP Reagent Resource.
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