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Abstract
Introduction—Both acute rejection (AR) and major infection events (MIE) can reduce long-term
allograft survival. We assessed the simultaneous efficacy of serum and urine biomarker
indoleamine 2,3 dioxygenase (IDO) enzyme activity and peripheral blood CD4-ATP levels for AR
and MIE association, respectively.

Methods—We prospectively tested 217 blood and 167 urine serial samples, collected monthly
for twelve months post-transplant from 29 consecutive children receiving a kidney transplant. The
IDO activity was assessed by mass spectrometry assays using the ratio of product L-kynurenine
(kyn) to substrate tryptophan (trp). Kyn/trp ratios and blood CD4 T-cell ATP levels were
correlated with AR or MIE or stable group (no events) in the next 30 days.

Results—Using absolute cutoffs and allocating to samples to AR, MIE or stable group, mean
serum kyn/trp ratios were significantly elevated in the group that experienced AR (p = 0.0007).
Similarly, peripheral blood CD4-ATP levels were significantly lower in the group experiencing
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MIE (p = 0.0351). Urine kyn/trp ratios and blood tacrolimus levels were not different between AR
and stable groups. Within-subject analyses, accounting for repeated measures in subjects, also
showed that over time, serum kyn/trp ratios were higher prior to acute rejection (p = 0.031) and
blood CD4-ATP levels were lower prior to MIE (p = 0.008).

Conclusions—These results from our pilot discovery group suggest that a panel of biomarkers
together can predict over- or under-immunosuppression. Further independent validation in a multi-
center cohort is suggested.
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Introduction
For the most part, organ transplantation remains the treatment of choice for most patients
with end-stage organ disease of the kidney, liver, lung or heart. Such patients generally need
to be maintained on lifelong extrinsic and multiple immunosuppressive medications to
prevent acute rejection episodes (1). With newer more potent medications, the risk of acute
rejection has been reduced, though still present. However, infections have emerged as a
serious problem, which also affect graft survival (2, 3). Transplant professionals still do not
have any good way to assess, at a given point in time, if a given patient is under- or over-
immunosuppressed. Drug levels do not work well for a variety of reasons, such as poor
correlation with immunosuppressive activity (mycophenolate mofetil), unavailability of
levels commercially, (steroids, injectable induction agents) and lack of information on how
to combine the effects of multiple drugs. Hence, the development of less invasive diagnostic
methods that provide good prediction of acute rejection or infection risk remains a major
need in transplantation and perhaps in all diseases where extrinsic immunosuppression is
used.

Previous biomarker immune molecules such as FasL, Granzyme B, soluble CD30, FoxP3,
IP-10 and fractalkine show strong associations for acute rejection prediction (4–7), but none
has been tested adequately to predict both extremes of immunosuppression. The
Immuknow® assay (CD4-ATP) (8–10) and serial viral PCR monitoring, such as peripheral
blood CMV or EBV monitoring or urine BK virus testing, are used in some situations as
markers of over-immunosuppression (11). Current efforts have been directed at large scale
and multicenter validation of specific biomarkers such as in the CTOT studies, but primarily
for detection of acute rejection. The complexity of the immune system may be such that no
one molecule can adequately quantify the overall activity of the immune system. Therefore,
a panel of tests, representing both extremes of immunosuppression and adjusting for
confounding etiologies, may provide the best discrimination.

Indoleamine 2,3-dioxygenase (IDO) is an inducible enzyme that catabolizes tryptophan (trp)
to multiple further intermediaries, the kynurenines (12–16). IDO activity has therefore
conventionally been represented as a ratio of L-kynurenine (kyn) to trp. Immune cells and
the semi-allogeneic fetus utilize the IDO pathway to establish immune unresponsiveness
(17–22). In transplantation, Brandacher et al., using an HPLC platform, demonstrated
elevated serum and urine kyn/trp ratio as a biomarker of acute rejection in the first 3 weeks
days post-kidney transplant (23).

In this study, we hypothesized that a combination of serum kyn/trp ratios plus CD4-ATP
levels, would provide better prediction of infection versus rejection risk than either test
alone, out to 1 year post-transplant. We have previously published our proof of concept pilot
results with our mass spectrometry platform (24), different from the HPLC platform used in
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prior studies, using a partial cohort. In this paper, we present the results of the full pilot
study when all samples had been collected and assayed.

Results
Study population and outcome events

The study collected 217 blood samples and 167 urine samples from the enrolled 30
consecutive subjects, of whom 1 enrolled subject was subsequently excluded as this subject
lived very far away and decided to be followed locally only, with no study samples
provided. The demographics of the 29 subjects who comprised the final study group are
presented in Table 1. At the initiation of the study, some patients were already in the later
part of the first 12 month post-transplant window. All final study group subjects completed
study follow up of 12 months post-transplant. There were 10 discrete episodes of acute
rejection in 7 subjects and 21 discrete events of major infection in 18 subjects (8 BK viruria,
5 CM only viremia, 1 EB only viremia, 1 CM + EB viremia, 6 transplant pyelonephritis).
One subject presented directly at 4 months post-transplant with simultaneous CM and EB
viremia and PTLD. Four of the eight BK viruria subjects also developed BK viremia, one of
whom also had evidence of BK virus associated nephropathy on biopsy. Four subjects had
both acute rejection and major infection. No subject experienced fever + bacteremia in the
study period. No subject had simultaneous acute rejection and acute infection.

From these 29 subjects, 217 blood and 167 urine samples were available for analysis of kyn/
trp ratios. Blood CD4 ATP level results were available from 180 samples. Tacrolimus level
and mycophenolic acid level results were available from 218 and 113 samples, respectively,
taken at or within one week of the kyn/trp and CD4-ATP blood samples. The 29 subjects
contributed a range of 2–13 samples to the study, median = 8 per subject and mean = 8.07
for serum samples. The earlier subjects already in the later part of the first 12 months were
predominantly the subjects contributing less samples.

Sample to event correlations showed elevated serum kyn/trp ratio in AR group
Serum kyn/trp ratios were significantly elevated in the group that experienced acute
rejection within the next 30 days (mean ratio 8.690 ± SE 1.344; Figure 1A) compared to the
other two groups (ratio 5.688 ± 0.1780 in stable group and 6.302 ± 0.6386 in major infection
event group, p value = 0.0007). Bonferroni post-test showed that the AR group had
significantly higher kyn/trp ratios compared to BOTH the stable or the infection groups. The
stable and infection groups were not different from each other. In contrast, urine kyn/trp
ratios were not significantly different among groups (mean 15.12 ± 0.93 stable group versus
17.67 ± 2.60 rejection group versus 15.12 ± 1.31 infection group, p value = 0.64; Figure
1B).

When analyzed separately, the mean levels of serum kyn or serum trp, not combined into a
ratio, did not significantly differ among the 3 groups. Similarly, mean levels of urine kyn or
trp, not combined into a ratio, did not differ significantly between the 3 groups (data not
shown).

Blood CD4 ATP levels were significantly lower in the infection group versus the stable
group (mean 282.5 ± 16.42 stable group versus 275.1 ± 70.46 rejection group versus 194.2 ±
26.49 infection group, p value 0.0351 across all three groups; Figure 1C).

We also assessed for differences in immunosuppressive drug levels. Trough tacrolimus
levels were not significantly different between the three groups (mean value 8.54 ± 0.34
stable group versus 7.85 ± 1.56 rejection group versus 8.95 ± 1.98 infection group, p value
0.78; Figure 1D). Trough mycophenolate levels, collected primarily to identify undetectable
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values (indicating possible non-compliance), were also not significantly different between
groups (data not shown).

We present these ANOVA results because of the established traditions in transplant
biomarker analyses in prior studies. However, caution is needed about interpreting these
ANOVA, as our previously published diagnostic analysis showed strong associations within
subjects, making the assumption of non-association doubtful (24). In that analysis, within-
subject association explained at least 40% of the variation in the data.

Within subject analyses showed strong associations between rise in serum kyn/trp ratio to
AR, and between drop in CD4-ATP level to MIE

We therefore proceeded with two different types of within-subject analyses. Using the
mixed model repeated measures analysis, where all data samples are counted, serum kyn/trp
ratios were higher prior to a rejection event than in non-rejection state (+2.2 ± 0.67; p =
0.031; Table 2). The effect sizes represent estimated mean differences before the event
versus after the event occurs and were compared to the average of the other values for that
subject over the first 12 months. In contrast, urine kyn/trp ratios and CD4-ATP levels did
not show any significant differences in the rejection state. In the mixed model analyses,
peripheral blood CD4-ATP levels were significantly lower prior to a major infection event
than in non-infection state (−82.2 ± 32.0, p = 0.021). Neither serum nor urine kyn/trp ratios
differentiated the impending major infection state from the non-infection state. In these
analyses, AR and MIE were treated as independent variables and kyn/trp ratios and CD4-
ATP levels treated as continuous measures.

When using the mean of means procedure, which is restricted only to those subjects in
whom values are available in more than one state, and therefore may provide different
results from a mixed model, the blood CD4-ATP level showed a significant drop of −144.64
points (± 138.3; p value 0.008) from stable state to major infection. In contrast, serum or
urine kyn/trp ratios levels did not show any significant changes within a given subject with
respect to major infection. Serial mean values for serum and urine kyn/trp ratios and blood
CD4-ATP levels, over time, are depicted in Figure 2. Serum kyn/trp ratios, in particular,
showed a marked drop from pre-transplant levels in the first few months. The acute rejection
group showed a consistently higher level than stable group over time.

Discussion
This analysis presents data from the full pilot discovery study group of an initial set of
subjects tested simultaneously for biomarkers that assess two opposing ends of the immune
spectrum. Our results showed a strong association of 1) elevation in serum kyn/trp ratios
with subsequent acute rejection events, and 2) decrease in blood CD4-ATP levels with
subsequent major infection events.

Our results of serum kyn/trp ratios in relation to acute rejection are in accord with those of
Brandacher et al. and Lahdou et al., who have previously demonstrated a rise in serum kyn/
trp ratios in association with acute rejection events shortly thereafter, within 13 or 3 days,
respectively (23, 25). The studies used differing units of expression for the kyn/trp ratio, but
the results were very similar once units are converted to a common unit system, as we
reported previously (10). However, ours is the first study, to our knowledge, to evaluate in
detail the use of IDO activity as a biomarker out to a longer time frame of 1 year post-
transplant. The Brandacher et al. study restricted to events within the first 3 weeks post-
transplant only, while the study by Lahdou et al. tested retrospectively collected serum
samples out to only 6 months post-transplant.
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An increase in the ratio prior to acute rejection represents a paradox since trp depletion has
been associated in vitro with a negative regulation of immune activation and T-regulatory
cell generation (16). However, this paradox is similar to the results in human and mouse
models of rejection analyzed for FOXP3, the signature gene of T-regulatory cells. Urinary
FOXP3 expression was increased prior to human acute rejection (4). Intragraft FoxP3 and
IDO were elevated in mouse allogeneic islet transplant models (26). This paradox may
represent a host anti-donor immune repertoire during acute rejection that includes the
activation of graft-destructive effector cells as well as graft-protective T-regulatory cells (4).
An alternative explanation is that IDO and FoxP3 upregulation represent an insufficient
downregulatory response on the part of the host immune system when alloactivation occurs.

In contrast to the study by Brandacher et al., we were unable to replicate a significant rise in
urine kyn/trp ratios in subjects going on to experience an acute rejection event. The reasons
for this contrasting result are not clear, but may relate to the longer time interval (out to 1
year post-transplant) studied by us, the potentially greater duration between sample
collection to event, or the relatively low frequency of acute rejection events in our study. Of
note, though we defined 30 days as upper limit of time from sample collection to event
occurrence, in reality all events occurred within 14 days of sample collections.

Holmes et al. (27) postulated that infections would be another major cause of increased IDO
enzyme activity, since the enzyme is induced by interferon-γ, which is stimulated by viruses
such as cytomegalovirus and Epstein-Barr virus. Other viral infections such as HIV
demonstrate increased IDO activity through interferon-γ mediated pathways (28–31). Our
study also is unique in studying the association of IDO activity to the relevant MIEs in the
first year post-transplant. The more recent era of transplantation is characterized by reduced
frequency of acute rejection events and emergence of major infections such as BK virus.
Consistent with this trend, our study group exhibited a greater number of major infection
events than acute rejection episodes. Of note, the viral infection events detected by PCR
monitoring did not lead to full blown disease in most cases, perhaps because of reductions in
immunosuppression made in response to these standard of care tests. Holmes et al. found
that serum kyn levels were markedly raised, on the day of infection, in 5 patients with Gram
negative bacterial infection or viral infections, in a study that was restricted to the first 3
weeks post-transplant (27). However, kyn/trp ratios were not assessed in this study. The
study by Brandacher et al. evaluated serum and urine kyn/trp ratios in a small group of 6
subjects with infection events (4 herpes simplex, 1 UTI, 1 sepsis). They were unable to
detect any significant differences, probably due to a combination of small event number,
time restriction to the first 21 days post-transplant only and 4 of the 6 infection events being
relatively minor and localized.

Limitations of our study include the relatively small sample size of subjects and the need for
a separate validation group in future. However, the repeated sampling performed greatly
added to the power to detect a significant result. Neither we nor others have assessed
changes in ratio with timing of meals, which may provide a trp load, or overall dietary
intake of trp. The mass spectrometry technique that we employed is considered a more
robust detection system than the HPLC platform used in prior studies. Conversely, mass
spectrometry has in the past been associated with a higher cost and slower turnaround time.
However, both these parameters are changing rapidly. Both costs and turnaround time have
dropped enough that some assays for other molecules are already being run commercially in
real-time on tandem MS platforms. Therefore a potential limitation of our study may now be
a strength, given the greater precision of MS over HPLC. Though the ANOVA data
correspond to the mixed model data, ANOVA analyses are not entirely appropriate for
longitudinal sequential sampling, such that the p values may not be an accurate reflection of
association. We believe that our mixed model results represent the most appropriate
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statistical tool for analyses of these data, accounting for within-subject variability and taking
into account each data point. One could also interpret the similarity in results from the
ANOVA and repeated measures techniques (higher kyn/trp ratio with AR, lower blood
CD4-ATP with MIE) as indicative of a robust result that holds true irrespective of analytic
technique employed.

In summary, our results suggest that less invasive immune monitoring may be able to detect
a net state of immune suppression at either end of the spectrum. Further validation studies,
including one that we have started, are needed to best define the combination of markers and
time points that will provide the best prediction.

Methods
Patient populations and samples

From July 2008 till June 2010, we prospectively and longitudinally tested blood and urine
samples from children monthly within the first 12 months post-kidney transplant. This study
was approved by the University of Florida Institutional Review Board. All subjects provided
full informed consent. The study investigators adhered to all principles outlined in the
Declaration of Helsinki and Declaration of Istanbul. Clinical data collected included
recipient and donor age/sex/race, donor source, delayed graft function presence or not,
concomitant medications and clinical events. Data on serum and urine kyn/trp levels and
ratios, blood CD4 ATP levels, trough tacrolimus and mycophenolate levels were correlated
with occurrence of acute rejection event (rejection group) or major infection (infection
group) event or no event (stable group) in the next 30 days from sample collection. Major
infection event was defined as CM viremia, EB viremia, BK viruria (above our local lab
cutoff), transplant pyelonephritis (fever > 38.5C + pyuria + positive urine culture for a single
organism > 100,000 colonies/ml) or fever with culture proven bacteremia. All acute
rejection events were biopsy proven.

Immunosuppression and viral studies
As part of our standard of care, we already perform Immuknow® assay (blood CD4-ATP
level) testing and viral PCR monitoring (peripheral blood EBV and CMV and urinary BK
virus) on a monthly basis in the first 12 months post-transplant. All PCR assays were
performed at our local Shands Hospital Clinical Laboratories and used the same in-house
methodology for each PCR amplification. Our current immunosuppression protocol, active
since July 2007, includes a 3-day induction course of rabbit anti-thymocyte globulin and
intravenous steroids, followed by oral maintenance tacrolimus and mycophenolate mofetil.
Oral maintenance steroids beyond day 3 were reserved for specific situations. Standard anti-
infective prophylaxis included trimethoprim-sulfamethoxazole three times a week for 6
months, anti-fungal prophylaxis (nystatin or clotrimazole) for 3 months and anti-viral
prophylaxis with valganciclovir for 6 months.

L-kynurenine and tryptophan measurement
Serum and urine L-tryptophan and L-kynurenine (Sigma, St Louis, MO) were measured
from batched samples stored at −80C by HPLC tandem mass spectrometry using a Thermo
TSQ Quantum Ultra spectrometer (Thermo, San Jose, CA). IDO activity was expressed as
the ratio of kyn/trp*100. Our detailed methods have been published in our proof-of-principle
paper (24).
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Statistical analyses
Statistical analyses were performed using GraphPad 5.0 (San Diego, CA, USA) or SAS 9.2
(Cary, NC, USA). Data and estimates for inferential purposes are expressed with mean and
standard errors (SE) of estimation or proportions.

The major purpose of the analysis is to delineate potential prognostic factors for events
(rejection or infection). Such factors, in combination with other clinical predictors could
ultimately result in identifying subjects at greatest risk for events. The number of events in
this study is insufficient to consider ROC curves.

Since the data are longitudinal, with repeated measures on subjects, the analysis should take
serial correlation within subjects into account. We conducted two types of primary analyses
(32, 33) that control in differing ways for within-subject variability: a) mixed model
repeated measures analysis, using an autocorrelated structure to account for the timing of the
repeated measures for a subject. (This analysis uses the assay as the sampling unit, so that
patients contributing more observations are weighted higher); b) mean of means analysis
(weights all subjects equally but restricts the analysis to those subjects with observations in
more than one state, i.e. uses the subject as the sampling unit). Results are expected to be
different since the mean of means test removes subjects whose data are only in one state,
whereas the mixed model does not. To the best of our knowledge, these types of analyses
have not been performed in prior biomarker longitudinal studies in transplantation. Results
from each type of analyses are presented separately.

Some prior studies of immune biomarkers with longitudinal samples have treated each
sample as independent, ignoring the clustering effect of repeated observations on the same
subject, even if a given subject had samples that were in multiple groups such as the stable
group or AR group at different time points (5, 23). This will tend to underestimate the true
sampling errors. For example, a patient who had an acute rejection at month 1 and infection
at 6 months could have his/her 1-month sample included in the acute rejection group and the
6-month sample included in the infection group. The rationale for such an approach appears
to be that clinical decisions of adjustment of immunosuppression are made by the clinical
team and not dictated by the biomarker, but may change the net state of immunosuppression
in a subject from one time point to another. As such, a given patient may be under-
suppressed in one month and develop an acute rejection, then over-suppressed in another
month, developing an infection event, making each sample represent a new clinical
situation.

We therefore first correlated each sample to events occurring in the next 30 days,
irrespective of the subject origin of the sample. Mean values of the biomarkers between the
three groups (stable, rejection or infection) were thus compared by ANOVA. These
ANOVA methods presume that there is no within-subject association. However, we had
previously run diagnostic tests and determined that such assumptions were likely not valid
with these biomarkers (24). Past studies by others have often obtained multiple samples
from the same subject, yet still used ANOVA and ROC techniques, but our study utilized a
planned sequential sampling strategy at defined time points. We lack sufficient numbers of
events to obtain meaningful ROC curves for this pilot study.

Finally, note that each P-value is presented without overall error control, such as a
Bonferroni correction. This is consistent with pilot studies, where minimizing the overall
false positive rate would undermine the false negative rate. Any significant result would
need independent confirmation before treating it as conclusive evidence.
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Abbreviations

IDO indoleamine 2,3 dioxygenase

Trp tryptophan

Kyn kynurenines

CMV cytomegalovirus

EBV Epstein-Barr virus

BKV BK virus

FasL Fas Ligand

FoxP3 forkhead Box P3

IP-10 Interferon gamma induced protein 10

IFN-γ interferon-gamma

CTOT Clinical Trials in Organ Transplantation

HPLC high performance liquid chromatography

LC liquid chromatography

MS mass spectrometry

SRM selected reaction monitoring

CE collision energy

SE standard error

ANOVA analysis of variance

ROC receiver operating characteristic

AUC area under the curve

PTLD post-transplant lymphoproliferative disorder
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Figure 1.
A. Serum kyn/trp ratios across the three groups (sample size was 167 in stable group, 14
rejection group, 36 infection group). P value = 0.007 by ANOVA across all three groups,
significant differences at p < 0.05 between rejection versus stable group and rejection versus
infection group by Bonferroni post-test. (In many cases, more than 1 sample was collected
for serum/urine IDO, CD4-ATP level or tacrolimus level around an event (eg, a sample
within past 30 days, then another sample at time of event).
B. Urine kyn/trp ratios across the three groups (sample size was 133 in stable group, 9
rejection, 25 infection group). P value = 0.30 by ANOVA across all three groups (NS)
C. Blood CD4 ATP levels (Immuknow assay) across the three groups (sample size was 136
in stable group, 7 rejection group, 37 infection group). P value = 0.0351 by ANOVA across
all three groups, significant difference at p < 0.05 is between stable and infection group by
Bonferroni post-test
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D. Blood trough tacrolimus levels in ng/ml across the three groups (sample size was 163 in
stable group, 13 rejection group, 42 infection group). P value = 0.53 by ANOVA across all
three groups (NS).
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Figure 2.
a. Serum kyn/trp ratios over time in the three groups (stable group in grey circles with
dashed lines, rejection group in black squares with solid lines, infection group in grey
triangles with dotted lines)
b. Urine kyn/trp ratios over time in the three groups (stable group in grey circles with dashed
lines, rejection group in black squares with solid lines, infection group in grey triangles with
dotted lines)
c. Blood CD4-ATP levels over time in the three groups (stable group in grey circles with
dashed lines, rejection group in black squares with solid lines, infection group in grey
triangles with dotted lines)
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Table 1

Study subject demographic characteristics (n= 29)

Parameter Mean (SE) or n (%)

Recipient age 12.14 (0.82)

Recipient sex male 18 (62%)

Recipient race

    Caucasian 16 (55%)

    African-American 9 (31%)

    Other 4 (14%)

Deceased donor source 22 (76%)

Delayed graft function 8 (28%)

HLA mismatch 4.58 (median 4.5)

Percent PRA > 10 3 (10%)

First transplant 26 (90%)

Primary renal disease

    Hypoplasia/dysplasia 7

    Obstructive uropathy 8

    Glomerulonephritides 9

    Other 5
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Table 2

Within-subject analyses

Analysis Type Parameter Acute rejection group
Amount change (SE)
P value

Major infection group
Amount change (SE)
p value

Mixed model Serum kyn/trp ratio + 2.2 (0.67)
P value 0.031

+0.62 (0.43)
P value 0.16

Urine kyn/trp ratio +4.22 (2.61)
P value 0.25

+3.86 (3.31)
P value 0.27

Serum CD4-ATP level −19.9 (64.8)
P value 0.78

−82.2 (32.0)
P value 0.021

Mean of means Serum kyn/trp ratio + 1.68 (2.43)
P value 0.20

+0.915 (3.35)
P value 0.27

Urine kyn/trp ratio −1.485 (7.78)
P value 0.78

+7.370 (26.639)
P value 0.3584

Serum CD4-ATP level −90.567 (181.66)
P value 0.39

−144.64 (138.3)
P value 0.008

Amount change is stable group minus affected group
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