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Factors affecting novel bead-NTBI assay

Abstract

Non-transferrin-bound iron (NTBI) is a heterogengguspeciated plasma iron, typically
detectable when transferrin saturation (TfSat) edse75%. Here we examine factors
affecting NTBI levels by a recently discovered direhelator-based (CP851) fluorescent
bead-linked flow-cytometric assay (bead-NTBI), camga with the established indirect
nitrilotriacetate (NTA) assay in 122 iron-overloddpatients, including 64 on recent iron
chelation therapy and 13 healthy volunteers. Bogithiwds correlated (r=0.57, p<0.0001) but
with low agreement, attributable to two major fastq1) the NTA method, unlike the bead
method, is highly dependent on TfSat, with NTBI endstimation at low TfSat and over-
estimation once Tf is saturated, (2) the bead nietteiects <3-fold higher values than the
NTA assay in patients on recent deferiprone-comgichelation due to greater detection of
chelate complexes but lower values for patientdeferasirox. The optimal timing of sample
collection relative to chelation dosing requiregher study. Patients with splenectomy, high
storage iron and increased erythropoiesis had gré&crepancy between assays, consistent
with differential access by both methods to the NPpBols associated with these clinical
variables. The bead-NTBI assay has advantageslw®iTA assay, being less dependent on
TfSat, hence of less tendency for false-negativeatse-positive values at low and high
TfSat, respectively.

Keywords: iron, iron overload, iron biochemistry, thalassagnerythropoiesis, NTBI, assay
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Introduction

Plasma non-transferrin-bound iron (NTBI), first deéised in 1978 is a pathological iron
pool detectable when Tf saturation exceeds 75%ITBI appears when iron influx into the
plasma compartment exceeds iron efflux, e.g. with bverload, ineffective erythropoiesis,
or decreased transferrin iron clearance in erythhgpoplasia NTBI is considered the main
conduit of hepatit® and extra-hepatic'? iron loading of tissues, under haemosiderotic
conditions. Quantitating NTBI is of value in undarsding NTBI generation under different
pathophysiological setting$ut can also be potentially useful in the managenoé iron-
overloaded patients. However using established odsthfor NTBI quantitation, clear
consensus and guidelines on how to use NTBI measntein patient management have yet
to emerge. This is partly because NTBI is multiesgied, consisting of a range of iron-
citrate™** albumin-bound complex&s glycated protein-iron complex&s® or iron-chelate
complexes in recently chelated patiéht<Consequently it is unlikely that NTBI assays
relying on different principles will measure diféet NTBI species to the same extent. Hence
a consistent pattern of association between NTHBiesand clinical outcomes has yet to
emerge.

There is therefore a need to identify a robustwatl-characterised NTBI assay that can be
applied in a standardised manner in the manageaferin—overloaded patients. A range of
NTBI methods used previously differ considerably tiveir detection principles and in
reported reference rand@sThe most long-standing and frequently reportedNfiethod®
involves iron capture from NTBI by a high concetita of a low affinity/specificity iron
chelator, nitrilotriacetic acid (NTA, 80mM), follosd by ultrafiltration and detection of
NTA-iron by HPLC*® or spectrophotometricafly Another approach is measuring NTBI
indirectly by quantifying the redox-active subséNI BI, which has been termed the ‘labile
plasma iron’ (LPI) ass&y. A further approach is measuring the directlylatable iron
(DCI) with a fluorophore-labelled high-affinity clagor®**?*but background fluorescence in
plasma may interfere with data interpretation. Mesiently, an adaptation of this approach
was described, using a high-affinity fluorescenelator CP851, covalently linked to
magnetic beads with fluorescence signal separated-dytometrically from plasma
autofluorescené This potentially circumvents the auto-fluoresepeoblem in the plasma
sample and problems related to indirect captutdT@| by NTA.

The initial paper describing the bead metioexamined only 30 patients and did not
therefore explore the variables affecting the agpese between the NTA and the bead
method systematically. In particular, the effectsTtsat, chelators, splenectomy status and
underlying diagnosis were not explored. A recemntbrobirt® comparing various NTBI and
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LPI methods on 60 patients, reported their oveedk of agreement in absolute values
despite similar correlations, but did not speclficbbok at the agreement between these two
methods and could not therefore comment on theildesgasons for their poor agreement.
Here, we compare levels of NTBI detected by thsagswith the NTA method in various
clinical conditions, including 122 iron-overloadgdtients with approximately half (n=64)
receiving regular chelation therapy. Part of thisrkvwas presented as Abstract no. 241 at
Biolron Conference Sep 6-10, 2015 in Zhejiang Ursitg, China.

Materials and Methods

Patients

122 clinical blood samples from iron-overloadedgyas and 13 healthy volunteers, obtained
from 3 hospitals (affiliations 2, 4 and 5), wereabsed using the CP851-NTBI assay and
NTA-NTBI assay. Diagnoses included are listedlrable I. Ethical approval was obtained
for the study at the respective institutions whigiod samples were collected and patients
signed informed consent forms before sample cadlect

NTBI assays

NTA-NTBI assay

The NTA-NTBI method previously describédwas adopted with minor modifications.
Briefly, 0.02mL of 800mM NTA (at pH=7) was added@d 8mL serum and allowed to stand
for 30min at 22C. The solution was ultrafiltered using Whatman tdspin
ultracentrifugation devices (30 kDa) at 1282hd the ultrafiltrate (0.02mL) injected directly
onto an HPLC column (ChromSpher-OD$My 100x3mm, glass column fitted with an
appropriate guard column) equilibrated with 5% awcitile and 3mM DFP in 5mM MOPS
(pH=7.8). The NTA-iron complex then exchanges torféthe DFP—iron complex detected at
460nm by a Waters 996 PDA. Injecting standard ceinagons of iron prepared in 80mM
NTA generated a standard curve. The 800mM NTA swmiutised to treat the samples and
prepare the standards is treated wiiiM2iron to normalize the background iron that
contaminates reagents. This means that the zenolasth gives a positive signal since it
contains the added background iron as an NTA—compMhen unsaturated transferrin is
present in sera, this additional background iron ba donated to vacant transferrin sites
resulting in a loss of the background signal ardidying a negative NTBI value.

CP851 bead-NTBI assay
The standards for this assay were prepared asv&lldbmM iron-NTA complex (1:2.5 molar
ratio), prepared from 100mM NTA and 18mM atomic@psion standard iron solution, was
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diluted with MilliQ water to a final concentratidific.) between 0-100uM. For the standard
curve, 120uL quantities of probe-labelled bead snspns were incubated with 20uL of
buffered NTA-iron solutions of known concentratifor 20min at room temperature, with
subsequent addition of 20uL normal control serumithgut free iron) and 40uL
paraformaldehyde (10% in MOPS) at 2% f.c. The susipas in sealed 96-well plates were
incubated at 3T for 16h with shaking before fluorescence measargray flow-cytometry.
For serum samples of unknown iron concentratior)uL quantities of beads were
incubated with 20uL of serum samples for 20min,hwsiubsequent addition of 40uL
paraformaldehyde at 2% (f.c.). In this study, wedushelatable fluorescent beads (CFB) with
normal human mixed serum as control to set up lirdscence at 100% and the relative
fluorescence of CFB with patient serum was caledlagccordingly. Measurements were
carried out on Beckman Coulter FC500 flow-cytomedead analysis on Cell-Quest and
FlowJo software. Gates were based on dot-plotsntfeated bead populations. Median
fluorescence of 10,000 events was recorded anceated for bead auto-fluorescence.
Standard curve was fitted with variable-slope siglalbbdose-response function.

Transferrin Saturation
TfSat was determined by the urea-gel methedth band quantitation using Scion Image
software, normal reference range 16-56% (mean 36%).

Routine blood test results and standard of medicalare monitoring

Haematology tests: FBC and red cell indices, rmdes, NRBC, serum ALT, bilirubin,
and ferritin were performed routinely in hospitabbratories, sTfR was measured using
ELISA (R&D Systems).

Liver iron content (LIC) was obtained from liver 72 or liver R2 Ferriscafl, and cardiac
iron content (CIC) obtained from cardiac T2* Medical records review provided
information about chelation therapy, transfusiorg aplenectomy status.

Statistics

The data was presented descriptively using meandatd deviation (SD) or mediant
interquartile range (IQR) where appropriate, déferes between subgroups were calculated
using Wilcoxon test or paired t-test, dependentlistribution assumptions. 95% confidence
interval (CI) follows slope and Spearman or Peaxgorelation coefficient value in brackets.
Graphpad Prism Ver. 6.0 plots were used for slageparison and Bland-Altman pléfso
illustrate agreement between methods. A p<0.05deamed statistically significant.
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Results

Correlations, distributions and agreement betwe@®-NTBI and bead-NTBI were first
examined. The TfSat effects on measured values emmgared, followed by the effects of
chelation therapy, erythropoiesis, storage iron gipildnectomy status on NTBI measured by
both methods.

Correlation and agreement of the two assays in adlamples

There was a medium-strong correlation between bEEBI and NTA-NTBI for all samples
(Fig 1A). Because negative values were obtained in the Bi§3ay, the graph was re-plotted
treating all negative values as zdfig 1C). In Bland-Altman analysi¢Figs 1B,1D),the
differences between methods notably increased anmNTBI>2.5uM being even greater
above mean values of 4uM. For mean values betwéeand 4uM the bias is not constant,
being negative at <OpM (NTA method less than beathod) and positive between 0 and
2uM (bead higher than NTA). Treating negative valas zero does not improve agreement
(Fig 1D), suggesting that negative values are not the meaison for lack of agreement.

The distribution of NTBI values by the two methods

The NTBI distributions for both methods differ caterably between the assaysq 2A).
With the NTA-NTBI (black) there is a clear poputatiof negative values that is absent with
the bead-NTBI (red). There is then a second pojulabf positive NTA values
(mode=1.5uM) that is absent with the bead-NTBI whitre mode=0uM. Finally there is a
long positive tail of high bead-NTBI up to 14uM tha absent with the NTA method.
Further analysis below aims to determine the mepaoirthese distributional differences.

Relationship of TfSat to NTBI values by the two médtods

NTBI values are related to TfSat by NTA assay btibead assayThe relationship of NTBI
values by both methods to TfSat is presented inirieet of Fig 2A TfSat has a strong
relationship to the NTA-NTBI over its negative rangbut not to the bead-NTBI. In
particular, the NTA-NTBI values fall with decreagiifSat, unlike with the bead assay, with
the NTA-NTBI becoming negative for TfSat<80%, but such effect is seen with the bead
method, which confirms previously published reswts a smaller group of patiefits
Because of the relationship of NTBI to TfSat by MiEA method and not the bead method,
we examined the distribution of TfSat shownFig 2B for the bead-NTBI (left) and NTA-
NTBI (right) for samples where positive (red) orgaéve (black) NTBI values were
obtained. It appears that whereas with the beadiNTEat has a similar (p=0.84)
distribution for patients with positive or negatiTBI values, by contrast the negative
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NTA-NTBI are largely confined to patients with Tt8&80% and the positive values to
patients with TfSat>80% (p<0.0001). This suppohis televance of low TfSat to negative
NTA-NTBI but not bead-NTBI values.

Relevance of high TfSat to false-positive valuéis WTA assay.True-negative’ bead-NTBI
values (below ULN=0.68uM i.e. 3xSD above normaltogrmean=-0.1uM, SD=0.26uM,
marked as dashed linefing 1A) were plotted against NTA-NTBI with the point size
reflecting TfSat Fig 2D, note Figures 2C,D are derived from Figure 1AkitAee NTA-
NTBI associategxclusivelywith high TfSat while negative NTA-NTBI almoskclusively
with low TfSat (93£11.3% vs 41.5£18.2%, p<0.0000his means that the positive values by
the NTA method that are negative by the bead megissdciate with high TfSat and are
‘false-positive’. This is consistent with iron bgistripped off holotransferrin by NTA and
not by CP851 (discussed). In contrast, no suchiloligional TfSat differences were seen
between the negative and positive bead-NTBI valaerdoth sides of the red dotted line,
Figs 2B,D. ltis also possible that for other NTA-NTBI agsgN3 in the round robifi, or
using Co or Mn blockin@) the relationship with the TfSat may be different.

Relevance of low TfSat to false-negative valuds MitA assayThe NTA-NTBI values were
plotted against ‘true-positive’ bead-NTBI valueb@ae ULN,Fig 2C, mark the range

change on the x-axis g 2C vs 2D with the point size reflecting TfSat. It appetrat the
‘true-positive’ bead-NTBI is also typically posigwy the NTA method only when associated
with high TfSat. In the small number of values whtdre NTA-NTBI is negative, TfSat is

low. Thus ‘false-negative’ NTA-NTBI values occurlgin the presence of apotransferrin.

Relationship of chelation therapy and NTBI values i both methods

The presence of iron-chelate complexes or iron-¢tesator, could in principle influence the
assay behavioun vitro }"?*%* We examined these potential effects by comparaiges in
regularly chelated patients with those not recgwhelation. Both NTBI assays are plotted
for chelated and un-chelated patients-ig 3A. The range of values differs in the upper (no
chelation) and lower panels (recent chelation)ti@aarly for the bead-NTBI (red), where
there is a ‘tail’ of high values (5-15uM) in chadtpatientsKigs 3B,D. In principle, this
could represent iron-chelate complexes detectdéead-NTBI. With the NTA-NTBI (black),
the difference between chelated and un-chelateémstis subtler, but it appears that the
proportion of patients with negative values deaesawhile that of patients with slightly
positive values (up to 2uM) increases on chelafikigs 3B,E). This could again represent
the effects of iron-chelate complexes on the assays

In order to investigate this in more detail, théuea obtained with both assays were plotted
for patients on different chelation regimgr$gs 3F,G,H,l). Notably, values obtained on the
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same samples with the bead assay (max. 15uM) axd 8bfold higher than with the NTA
assay (max. 5uM) for deferiprone or combinationsfeeioxamine+deferiprone) treated
patients but not for deferasirox, where bead-NT&ues are actuallpwerthan NTA-NTBI.
Patients receiving desferrioxamine usually showuat2e3-fold higher values with the bead
assay than the NTA-NTBI. NTBI levels correlated hwit the desferrioxamine (0.47 (0.01,
0.77), p=0.05), and the deferiprone (0.62, (0.381) p=0.0003) groups, but without
agreement of absolute values, while in the defemagiatients correlation was absent.
Differences in patient sampling on deferasirox deteriprone offer partial explanation. All
patients receiving deferasirox had a 72h chelatiashout, strictly observed before sampling,
making the presence of the contaminating iron-@esfesx complexes unlikely. By contrast,
in most of the deferiprone-treated patient samplé®re 72h washout was not observed, the
iron-chelate complexes would be expected to beepté$® It appears that the complexes of
deferiprone are more readily detectable as beadtNthBn NTA-NTBI but different
incubation times within the assay procedure arebgisty partly responsible for it. The
detection of high levels by the bead assay in Eptt on desferrioxamind-ig 3G) is not
predicted from in vitro evaluation of the bead gé%and is difficult to explain unless
patients were taking deferiprone.

Other factors affecting relationships between assay

Using univariate analysis, we investigated thea$f@f diagnoses, transfusion status,
erythropoiesis (by sTfR), splenectomy, and storegg on the levels of NTBI by both
assays. There was no relationship between NTBUOaghoses, but both NTBI methods
were differentially affected by high erythropoiesiatus, splenectomy and high iron storage
(as detailed in Supplementary Material: Subgroupariate analysis]able S3, Figs S4, S5,
S6, S7.

Multiple regression

Multiple linear regression models were built tottedich predictors explain differences
between the NTA-NTBI and the bead-NTBI. The samadatitional predictors may resurface
as relevant when the absolute difference (biashdmt methods is modelled and this was
attempted as a control analysis. Furthermore, we Inaodelled transferrin saturation using
the same set of potential predictors as for therathodels Table 11). The bead-NTBI model
explained 25% of the variability in NTBI usingfSat splenectomyand DFO+DFP as
positive predictors. The NTA-NTBI modekplained >75% of the variability in NTBI, with
TfSat splenectomyas positive, andTfR as negative predictors. The bias model, i.e. the
difference CP851-NTBI less NTA-NTBI, was predicteegatively byTfSatand DFX, and
positively by splenectomy DFO+DFP, chelation (yes/no), and rformal’, in a model
explaining 24% of the NTBI variability. The TfSatodhel explained 42% of the NTBI
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variability using thalassaemia Ef-thalassaemia MDS, CSA DBA, and SF as positive
predictors.

Discussion

This study examined a range of iron-overloadedepé&i with and without iron chelation,
which allowed comparison of the established NTAeoaBITBI assay (NTA-NTBI) with a
novel fluorescent bead-based assay (bead-NTBI)ruamdede range of clinical conditions.
Overall, while significant correlations exist betmeboth methods, absolute values differ
with wide 95% limits of agreement, consistent vifie recent round robin of NTBI ass&/s
Here, by comparing values in a large number of-owerloaded patients, we examine how
both assays are differently affected by identigaariables. These are relevant to the
application and interpretation of both NTBI assaysspecific patient populations. Two
systematic differences between the assays have itentified. Firstly, the NTA-NTBI is
highly affected by TfSat, leading to under-estimasi at low TfSat and over-estimation once
transferrin is saturated. By contrast, the bead-Ni¥Bess dependent on either high or low
TfSat. Secondly, while both assays give increas@@INvalues in recently deferiprone-
treated patients, due to detection of chelate-cmmplexes, this effect is more pronounced
with the bead-NTBI, leading to a further lack ofegment between the two assays.

Inspection of the NTBI distribution histograms fdawoth assays, combined with the
knowledge of the contrasting chelating propertieN DA and the hexadentate CP851 used in
the bead method, provides insight into why agreé¢nsemot high. With the NTA-NTBI, two
major peaks are seen, first centring on -2.5uM, t@ed second peak on 1.5uM skewed
rightwards. With the bead-NTBI these peaks arendsdly absent with most low values
clustered around zero and with a much more prorexdinght skew for positive NTBI. These
differences are consistent with the known propemiethe ‘capture’ mechanisms of the assay
chelators. Negative NTBI values obtained with thEANmethod have been attributed to
shuttling of iron present in 80mM NTA onto apotriemsn during the initial incubatidrt 2
This shuttling iron donation effect, due the greatability of the hexadentate bead chelators,
is absent in the bead metffdd80mM NTA not only donates chelated iron to irdneting
apotransferrin sites, but also removes iron frodotnansferrin in a time- and concentration-
dependent mannerso that at 30 minutes 80mM NTA mobilised 1-2%traisferrin iron
(physiological concentration, TfSat=50%). This esgmnts 0.35-0.7uM transferrin-bound
iron potentially detected as ‘NTBI’' but could berasich as 1.4uM with TfSat=100% in our
patients. Others noted similar effe¢t&’
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The impact of such high iron removal from transfetras not been previously characterised
and here the comparison with the bead method, whene is not stripped from
holotransferrin (<0.2%) by the hexadentate chetdtdemonstrates this effect more clearly.
Given the robustness towards transferrin of theliassay, it can be used as a reference in an
attempt to examine transferrin dependence of thé-NiEthod. Closer inspection of the
normal and pathological bead-NTBI distributions gegfs a cut-off above which values can
be regarded as ‘true-positive’ and provides supgorievidence for the mechanisms
underlying ‘false-positive’ and ‘false-negative’luas obtained with the NTA assay. With the
bead-NTBI, values centring in the narrow dominaaélp around the mode -0.04uMFid
2A) are likely to represent an absence of true NGBlen the comparable spread around the
mean of the normal serum samples (-0.1+0.26pM WittN of 0.68uM mean+3SD,
SD=0.26uM,Figs 2AS5K). Bead-NTBI values >0.68uM are therefore likelyrépresent
‘true-positive’ NTBI. Clearly ‘false-negative’ vadis by the NTA method would then be
those negative values obtained when the bead @pgay positive values >0.68uM. When
this was checked, all the ‘false-negative’ NTA \edloccurred in samples with non-saturated
transferrin (45, 18, 48%;ig 2C) where the predicted percentage of apotransfdairat, can
act as acceptor for iron shuttled by NTA, approac®@%, 65% and 28% respectivélyBy
contrast, ‘false-positive’ NTA-NTBI would be thogesitive values that correspond to bead-
NTBI<0.68uM. All such ‘false-positive’ NTA valuesald highly saturated transferrin (mean
93%, range 62-100%) supporting the concept thah sialse-positive’ NTBI values are
obtained from the scavenging of iron from highlyusated transferrin.

The second factor, contributing to differences leetmv both assays, is the effect of iron
chelators or their iron complexes. With the NTA-NTBon-free chelators present in plasma
can act as acceptors for NTA-bound iron, potentialeading to the NTBI
underestimatioft*> This donation can be blocked in the NTA assawtiging an excess of
aluminium to samples before processifitf. This is not a problem for the bead-NTBI, as the
greater stability of the CP851-iron complex pregeinbn donation to iron-free chelators in
sample&’. The iron complexes of some chelators can alsenpially interfere with the NTBI
determination: with the NTA-method, the deferiprora complexes are detected as 'NTBI’
up to 1 week following drug cessatfonin principle, the bead assay can also detect such
complexes of deferiprof and indeed our findings here suggest that thesdetected to a
greater extent than with the NTA ass&ygé 3G,H,).

Due to the high stability of ferrioxamine (1:1 itih):desferrioxamine) the bead-assay
removes only negligible amount of iron from DFOrircomplexe¥. Given this observation,
it is difficult to explain the presence of two aatk in Figure 3G and perhaps the iron-
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binding DFO metabolites should be considered. éndbferasirox-treated patients, NTBI is
lower than in the other chelators using both askaysspecially with the bead-assay, with
values <1uM ig 3F). This may reflect superior NTBI removal with dedsirox or that
patients in this group had 72h washout from chedatlowing full clearance of deferasirox-
iron complexes. These complexes may clear mordlsatiian those of deferiprone which are
measureable >1 week after the last chelation 'do3@us in patients who are on regular
chelation therapy, interpretation of NTBI valuessde to be made with reference to the
timing of sampling, particularly with the bead-agsahich has high affinity for iron-
deferiprone and iron-deferasirox compleéXes

Clinical factors potentially affecting the detectilevels of both NTBI assays were examined.
Underlying diagnoses in themselves did not showiaant differences between assays
(Table 11) but the extent of erythropoiesis diflig S7A): higher sTfR levels (and hence
greater erythropoiesis and iron removal from trangf) reduce NTA-NTBI, but not bead-
NTBI values. As lower TfSat associates with decedadTBI values due to NTA shuttling
iron onto transferrin, clearance of transferrindbduron by enhanced erythropoiesis may
increase iron shuttling by NTA and hence lower meas values. Negative prediction of the
bias by TfSat suggests that the methods are ditieily affected by TfSat, consistent with
the methodological dependence of the NTA methodt®@at where NTA strips iron from
transferrin, with NTBI overestimation rendering thms lower. Likewise DFX negatively
predicts the bias because it affects only the W¢EB} (Fig 3F), and this is a key issue we
are currently investigating. Normal status increaige bias by rendering NTA values
negative (ApoTf). Chelation increases the diffeeetiiecause it increases the bead-NTBI
more than the NTA-NTBI when detecting deferiproraiicomplexes. Splenectomy predicts
NTBI by either method using multivariate analysisl@lso associates with higher NTBI (by
0.5 or 1.3uM,Table Il). That splenectomy predicts bias is interestingent the same time
being a positive predictor of both methods sepbrateecause it implies that bead assay
detects more NTBI in splenectomised patients rattien that the NTA method detects less
(Fig S7B) suggesting it differentially affects the mannemhich both methods may detect
NTBI (splenectomy-dependent NTBI speciation differes). Higher NTA-NTBI in
splenectomised Tl patients was repotteds was a greater risk of myocardial iron depositi
post-splenectomy. The mechanism for higher NTBI post-splenectomynislear but we
suggest may relate to erythrocyte destruction belingrted from the spleen to the bone
marrow. With relatively hypoxic bone marrow envirsent, oxidation from Fé to Fé* will
have slower kinetics, hence slower iron bindingtremsferrin, and greater propensity to
plasma NTBI formation. Similarly, higher levelsiodbn overload (SF or LIC) are associated
with higher bead-NTBI than NTA-NTBI values, suggegtthe bead method may detect
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some iron species associated with iron overloatl dha relatively unavailable for capture
using the NTA method.

Unlike the NTBI values by either method, the Tf&hotably predicted by diagnoses and
ferritin in our cohort. In the explanation of therriitin effect on TfSat but not on NTBI (the
latter also reported recentfy, we distinguished plasma iron compartment intttansferrin
part, changing dynamically below 100% (TBI), antbilNTBI part,typically present when
transferrin is 100% saturated (TfSat not changiggadhically anymore). This means that
ferritin as a predictor of TfSat marks the indepamtdeffect of the degree of tissue iron
overload on the changes in the transferrin parplabma iron compartment (i.e. TfSat
increases when ferritin increases), but such inodget effect on the level of NTBI, once
TfSat is saturated, is absent. In other words iBNiE considered in a continuum with TBI
above the saturation point of Tf, it is evidenttttieat plasma iron above the saturation point
of Tf (NTBI) does not associate with ferritin (atiterefore with iron overload) while the
plasma iron on transferrin does. This is very iedéng to us because it may suggest that
regulation of serum iron varies by compartment: NiBless dependent for its generation
and persistence on iron overload per se, and likelye dependent on other factors such as
those that determine its removal rather than géioeréissue uptake — erythroid, hepatit)
Finally, that sTfR does not predict TfSat but doegatively predict NTBI implies that the
rate of transferrin off-loading in the marrow maffeat the NTBI compartment without
apotransferrin being detected peripherélly

In conclusion, we have identified that the TfSathe blood sample affects values obtained
with the NTA assay to a greater extent than with lbiead assay. This results from iron
donation to apotransferrin by NTA and/or strippiofjiron from saturated transferrin by
NTA. Neither of these effects is significant witletbead assay, which may therefore be more
specific for true NTBI determination. These findingre consistent with first principles,
namely differential access to transferrin iron oftbmethods, but other mechanisms may be
involved, which require further systematic studpeTpresence of iron-chelate complexes in
patients on chelation, particularly with deferipeprncreases values obtained with the bead
assay more than with the NTA assay. Recent chaldtistory (minimum a week before
blood sampling) needs accounting for when intenpgeNTBI values obtained with either
method. Other differences between the assays regaite effects of splenectomy, levels of
iron overload and endogenous erythropoiesis arsist@mt with both assays differentially
accessing NTBI pools that vary with these clinigakiables. Future work will need to
identify whether NTBI values obtained with the bems$ay are more clinically predictive of
trends, such as myocardial iron deposition, thah wie NTA assay. The effects of sample
timing in relation to currently available chelatitimerapies need to be further defined with
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both assays. We recommend using both methods in KEBarch since the NTA-NTBI and
the bead-NTBI do not detect exactly the same spafiedNTBI, and that further research is
necessary to describe NTBI speciation in greateéaildbefore a recommendation can be
made (if at all) which method should the researchely on.
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Figures legends

Figure 1. Comparison of NTA and beads method for NTBI measunment. (A) NTA and
beads (CP851) methods plotted for all samples umiiginal scale. Correlation coefficient
r=0.57 (0.44-0.68) p< 0.00qB) Agreement shown using Bland-Altman analysis of
difference ANTBI=NTA-CP851) vs mean of the two methods on deden panel A with

bias -1.21+2.25uM and 95% LoA (limits of agreemérdgjn -5.6 to 3.2uM(C) Both

methods for NTBI measurement plotted as in panetwith negative values by both
methods shown as zero (absent NTBI) Correlatioffficant r=0.6 (0.48-0.7) p<0.000{D)
Agreement shown using difference vs mean Bland-aftranalysis of data in panel C, bias -
0.56+2.1uM, 95% LOA -4.68 to 3.56uM.

Figure 2. Distribution of CP851-NTBI, NTA-NTBI, and transferrin saturation values

with analysis of false-positive and false-negativd TA-NTBI values. (A) Comparing
frequency distribution histograms of CP851-NTBIldyand NTA-NTBI (black) in 135 pairs;
frequency (number of values) of NTBI per intervBDdbpM(bin size) is showrnset shows
relationship between NTBI level and urea-gel Tfi®atboth methods: CP851-NTBI (red)
and NTA-NTBI (black); best-fit linear regressiomge differences (p<0.0001) with 100%
TfSat points excluded from regressiéB) Plots of Tf saturation on x-axis (in 10%
increments, bin center) against frequency of Tt®eervations (y-axis) for NTBI values < or
> OuM. Left panel shows bead method and right paiiél method. The TfSat distributions
for NTBI values > OuM are significantly differenbin those under OuM by the NTA method
only (Mann-Whitney test); at low TfSat negative NMalues are significantly more likely
by NTA method and at high TfSat positive NTBI vaduse more likely by NTA method.
These differences are not apparent by the beadwth¢C) Plot of NTA-NTBI values vs
true-positive bead-NTBI values (above ULN=0.68uNashed line in FigurelA), size of the
point reflects TfSat. Data in red-shaded box (beltwiN) is shown in panel OD) Plot of
NTA-NTBI vs true-negative bead-NTBI (red-shaded lopanel C corresponds to the data
to the left of the dashed line in Figure 1A) withimt size reflecting TfSat. Mean TfSat for
NTA values >0uM was 93%, 19/36 were 100%, rangd@®%6, median, 25and 7%'
percentile: 100, 91, 100%. Mean TfSat for NTA vals®uM was 41.5%, 1/46 was 100%,
range 11-100%, median, 2and 74' percentile: 39.5, 31.5, 46%.

Figure 3
Figure 3. Effect of chelation on method agreemenfA). Comparison of NTBI distributions
in patients not chelated (upper panel) and chel@&eer panel), red symbols show the bead
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CP851 assay and black symbols the NTA ag&yComparison of NTA method vs bead
method in patients with (black) and without (retigkation, of the outliers marked only the
chelation ones were excluded from analysis in C@F Comparison of TfSat distributions
in chelated and unchelated patients seen in B, Méhitney test(D) Comparison of
CP851-NTBI in cheated and unchelated patients seBnMann-Whitney tes{E)
Comparison of NTA-NTBI in chelated and unchelatatignts seen in B, Mann-Whitney
test.(F) NTA method vs bead method in patients on defeyasimo correlation (ng)G) NTA
method vs bead method in patients on desferrioxaneiorrelation coefficient r=0.47 (0.01-
0.77), p=0.05(H) NTA method vs bead method in patients on defergraorrelation
coefficient r=0.63 (0.34-0.81), p=0.00d8. NTA method vs bead method in patients on
combination therapy of deferiprone and Desferrioxencorrelation coefficient r=0.78 (0.3-
0.95), p=0.0076.
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Table I. Patient diagnoses, patient number coroglatithin diagnoses and NTBI differences

for groups with n>5.

Diagnosis

n  Correlationd Grouped?

NTBI comparison®

EB-Thalassaemia (B-thal)
B-Thalassaemia Major 3-TM)
Thalassaemia Intermedia (TI)
Bart's Hb

a-Thalassaemia

Hereditary HFE Haemochromatosis (HH)

Sickle Cell Disease (SCD)

Congenital Sideroblastic Anaemia (CSA)

Myelodysplastic Syndrome (MDS)
Diamond-Blackfan Anaemia (DBA)
Pyruvate Kinase Deficiency Anaemia
Aceruloplasminaemia

Ferroportin Disease

Red Cell Aplasia
Sickle-E-Thalassaemia (SCD)
Congenital Dyserythropoietic Anaemia
B-Thalassaemia-Hb Malay anaemia
Haemolytic Anaemia

Spherocytosis

Atransferrinaemia

Normal Volunteers

I
IS

0.68 (0.48-0.81)*** n=84, r=0.63

N
i

0.72 (0.44-0.87)%* (0.49-0.74)%*

=
[EN

0.5 (0.14-0.85) ns
N/A

0.64 (-0.04-0.92) ns n=38, r=0.66
0.54 (-0.36-0.92) ns  (0.47-0.79)**

N/A

F R R R P P RPN NDNDN® O e o N W

13 0 (horizontal line)

1.3 vs 1.0%**
0.84 vs 0.82**
-0.06 vs 1.54 ns

N/A

-0.04 vs -1.67 ns
-0.07 vs -2.11 ns

N/A

-0.1 vs -2.75%*

1 Spearman correlation coefficient between NTA-NTBd &ead-NTBI, (95% ClI), p value.

2gpearman correlation coefficient between NTA-NTBd &read-NTBI, (95% Cl), p value in all thalassaemia aihnon-

thalassaemia diagnoses.

3 Comparison of median bead-NTBI vs NTA-NTBI, [uM], \&tion test

p value <0.0001***, <0.001**, <0.01*, ns, not sidiciant.
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Table Il. Multiple regression models for NTA-NTBLP851-NTBI, bias (CP851-NTA), and
Transferrin Saturation.

model NTA-NTBI CP851-NTBI bias TfSat
Adjusted r-square  0.75" 0.26" 0.24" 0.42™

n 101 120 117 100
Constant -3.8%.7 -1.3%50 PRl 421% 01
TfSat 0.056,003(0.86)  0.028007(0.3)"  -0.026,007(-0.34)"

Splenectomy yes=1
Thalassaemia yes=1
ESthal yes=1
MDSyes=1

CSA yes=1

DBA yes=1

SF [ug/L]

STfR [nM]
Chelation yes=1
DFO+DFP yes=1
DFO yes=1

DFX yes=1
Normal yes=1

0.51,(0.13) 1.3247(0.23)

-0.003 g01 (-0.12)

2.295(0.23)

0.86.41 (0.18)

1.25%.45(0.27)
1.5971(0.19)

-1.8%6:(-0.26)
1.42,(0.19)

31.19¢,(0.52)"
11.6,75(0.21)
42.%55(0.21)
42.504(0.33)"
47.85,(0.24)
0.006,001(0.31)"

Empty cell indicates that predictor was not sigmifit in a particular model. Statistics for
predictors (bold italics) are given as absoluteasgjon coefficient, its standard deviation in
subscript, adjusted regression coefficient in betgk followed by significance of the
predictor (***<0.0001, **<0.001, *<0.05). All othepredictors insignificant (LIC, cardiac
T2*, SGOT, SGPT, Ret, NRBC, PIt, WBC, Hb, Hct, MCWJCH, MCHC, bilirubin,
transfusion). Multiple linear regression on SPS$s\om 22 was used.
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Brief Commentary

Background

NTBI isincreasingly understood as a multi-speciated plasmairon pool, regulated
separately from transferrin-bound iron and implicated in the complications of iron
overload. The established NTA-NTBI method is not optimal for distinguishing
transferrin bound iron from NTBI.

Trandational significance

Here we compared a novel fluorescent bead method with the NTA method, across
clinical diagnoses. The NTA assay underestimates or overestimates NTBI at low or
high transferrin saturations respectively, which the bead assay being robust to effects
of transferrin does not. The greater specificity of the bead assay should clarify links
between raised NTBI levels and their clinical consequences.



Supplementary data

Subgroup univariate analysis

NTBI by underlying diagnoses

The relationship between both assays was broadiyasiacross different patient diagnoses
although median bead-NTBI values were typicallyhleigthan NTA-NTBI for B-thal, 3-
TM, SCD, HH and healthy control§ig $S4, Table 1). Significant correlations but poor
agreement between both NTBI methods were seenfdah#, 3-TM and all thalassaemias,
with negative values by both methods treated as g S5, Table S3). Other diagnoses
were not sufficiently represented to draw correlator agreement conclusions, however in
non-thalassaemic group as a whole the correlatas significant Table ). Normal control
samples neither correlated nor agreed between wilbe assays but their bias could be
corrected forftig S5L).

Transfusion

In transfused patients both methods correlatednbuattransfused patients correlation was
weak. Slopes were significant in both groups buly antercepts differed Table S3).
Significant effect of transfusion seems to be leditto high TfSat as only samples with
TfSat>90% show significant positive slope amongdfased patientd=(g S6). Bead-NTBI
was higher than NTA-NTBI in transfused and untraestl patientsT{able S3).

Erythropoiesis

High and low erythropoietic states were judged blylsle transferrin receptor (STfR) levels
above (high) and below (low-normal) 28.1nM (ULN)TBI methods correlated, the slopes
were significantly positive but differed from onenagher, for high and low-normal
erythropoietic states. The NTA assay detected MEBI relative to the bead assay for
patients with high erythropoiesis compared to thegk low-normal levels of erythropoiesis
(Table S3, Fig S7A). Since a high erythropoietic rate will increase ircearance from
transferrin, this is predicted to free up iron bigdsites on transferrin thus increasing iron
shuttling onto these sites and hence lower levélstive NTA assay.

Splenectomy
In patients with and without splenectomy, the mdthoorrelated well with positive slopes

that differed significantly: bead-NTBI being higheand the difference between methods
being greater in splenectomised than un-splenestmhpatientKig S7B, Table S3).



Sorageiron

For high- and low-ferritin patient groups (abovebmiow 1500 pg/L), methods correlated
well with significantly different positive slopedhere was greater discrepancy between
NTBI levels in the high ferritin than the low fetin group EFig S7C, Table S3): for similar
CP851-NTBI values, NTA method gives lower NTBI waduin the former and higher in the
latter group above about 2 uM bead-NTBI threshidthods were also compared in LIC
groups below and above 12mg/gdw (SF=1500ug/L cpomds in our study to
LIC=12mg/gdw) showing medium correlation and sigmaiftly different positive slopes. In
high LIC group, discrepancy between methods wastgrefig S7D, Table S3). NTBI
differences were insignificant on direct comparisoot all patients had LIC available (n=35
vs n=109 for ferritin), so comparison may be underpred to detect differences. Taken
together these findings show that at high storage (LIC or SF) the extent to which bead-
NTBI values exceed NTA-NTBI is increased.



Table S3

Table S3. Subgroup analysis: correlations, slopepasison and NTBI differences between
transfusion, erythropoiesis,

splenectomy, storage iron and chelator subgroupal(e <0.0001***, <0.001**, <0.01*,
ns, not significant).

Subgroup®  Correlation? Slopé® test*  NTBI comp.®
all samples  0.61 (0.49-0.71), *** 1.5+2.59uM vs
0.94+1.13uM, *
transfused 0.57 (0.4-0.7), *** 0.31 (0.21-0.41), *** 2.04+2.99uM vs
ns, 0.76x£1.56uM, ***
untrasfused 0.31 (0.02-0.55), * 0.83 (0.05-1.6), * int**  0.14+0.71uM vs -
0.83+1.91uM, **
high sTfR 0.63 (0.48-0.74), ***  0.25 (0.18-0.31), *** 1.842.9uM vs
* 1.1+1.16uM, *
low-normal 0.6 (0.28-0.8), ** 0.83 (0.36-1.29), ** 0.44+0.83uM vs
sTfR 0.7+1.13uM, ns
splenectomy 0.5 (0.24-0.69), ** 0.14 (0.06-0.21), ** 2.97+3.7uM vs
R 1.2621.02uM, **
no 0.68 (0.55-0.79), ***  0.44 (0.33-0.54), *** 0.84+1.7uM vs
splenectomy 0.73+£1.1uM, ns
SF 0.55 (0.32-0.72), ***  0.17 (0.1-0.25), *** 0.82+1.66uM vs
>1500ug/L * 0.71£1.03uM, ns
SF 0.65 (0.47-0.78), ***  0.41 (0.280.54), *** 2.83+3.45uM vs
<1500ug/L 1.49+£1.07uM, *
LIC>12 0.77 (0.48-0.91), ***  1.05 (0.6-1.49), *** 0.45+0.96uM vs
* 0.86+1.31pM, ns
LIC<12 0.66 (0.24-0.87), * 0.42 (0.14-0.69), * 0.63+1.67uM vs

1.19+1.06puM, ns

! conditions where bead-NTBI and NTA-NTBI were comgug? Pearson correlation
coefficient (95% CI), p valué,Slope (95% CI), p value,
* comparison of slopes p-value or when ns, thedefgr(int) comparison p-valué mean
NTBI comparison CP851 vs NTA (95% CI), t-test p
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Figure S4. Box and whisker plot (range) of NTBI in healthy controls and
various conditions of iron overload using a standard analytical method (NTA-
NTBI) and the proposed bead-based NTBI method.



Figure Sb
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Figure S5. Comparison and Bland-Altman analysis of agreement of NTA and
CP851-NTBI methods in different diagnosis groups. Negative values by both
methods have been treated as zero. (A-B) all diagnoses; slope p<0.0001. (C-D)
beta-Thalassaemia Major; slope p<0.0001. (E-F) E-beta-Thalassamia; slope
p<0.0001. (G-H) thalassaemia intermedia; slope not significant. (I1-J) all
thalassaemias; slope p<0.0001. (K-L) normal volunteers; slope not significant. All
Bland-Altman analyses show lack of acceptable agreement except for the normal
samples where the low scatter systematic bias could be corrected for using the
formula (239.1+£35.12[%]*avgNTBI[uM]+527.3£50[%])(27).
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Figure S6. The effect of transferrin saturation on method agreement in transfused and
untransfused patients. (A) Plot of both NTBI methods in transfused (blackyl an
untransfused patients (re@®) Plot of both NTBI methods in untransfused pati€resd in
panel A). Samples with TfSat>90% are now showredhand those with TfSat<90% in
black.(C) Both NTBI methods plotted in transfused patiebtagk in panel A), here further
grouped according to TfSat in sample: with sigaifitslope in TfSat>90% (red, p<0.0001)
and insignificant in TfSat<90% (blackKP) Both methods plotted for transfused patients
with TfSat <90% show insignificant slope (black syots from panel E magnified).



Figure S7
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Figure S7. Comparison of NTA-NTBI and CP851-NTBI methodsin groupswith
different erythropoietic, spleen, ferritin and L1C status. (A) Slope comparison between
high and low-normal erythropoietic status defingdsbluble transferrin receptor: both slopes
are significant (0.25+£0.03, p<0.0001 and 0.82+02Z).001) and different (p=0.01); patients
mean sTfR (n=117) was 93.46+68.1nM (median 88 QR B0.1-133.2, range 5.38-332.5)
(B) Slope comparison between patients with and witeplgnectomy: both slopes are
significant (0.14+0.04, p=0.0005, and 0.44+0.05).0601) and different (p<0.0001¥L)
Slope comparison between low and high ferritin ggo(lL.500ug/L): both slopes are
significant (0.41+0.06 and 0.17+0.04, both p<0.00#1d different (p<0.0013§D) Slope
comparison in low and high LIC groups (12mg/gdvwgthoslopes significant (1.05+0.21,
p=0.0001 and 0.42+0.13, p=0.006) and different (p£D).



