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Mini-Reviews

The Clinical Plasma Proteome:
A Survey of Clinical Assays for Proteins in
Plasma and Serum

N. Leigh Anderson’

An analysis of all US Food and Drug Administration
(FDA) approvals for protein-based assays through
2008 reveals 109 unique protein targets in plasma or
serum, as well as 62 additional tests for peptides, pro-
tein posttranslational modifications, protein com-
plexes, autoantibodies against endogenous proteins,
and blood cell proteins. A further 96 unique protein
targets are assayed in plasma by laboratory-developed
tests available for clinical use in the US, yielding a total
of 205 proteins that include products of approximately
211 genes (excluding immunoglobulins). These tests
provide quantitative measurements for approximately
1% of the human protein gene products, defining a
practical clinical plasma proteome. The rate of intro-
duction of new protein analytes has remained essen-
tially flat over the past 15 years, averaging 1.5 new pro-
teins per year (median of 1 per year). This rate falls far
short of that needed to support projected medical
needs and indicates serious deficiencies in the protein
biomarker pipeline, from which no proteomics-
discovered analytes have yet emerged.
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Proteins are molecular machines responsible for per-
forming most catalytic and structural, as well as many
signaling, functions of living organisms. Measure-
ments of proteins thus offer abundant opportunities to
detect and characterize molecular malfunctions related
to disease and its progression as manifested in the in-
dividual patient. Given that blood and its liquid com-
ponent (plasma or, after clotting, serum) are the over-
whelmingly predominant clinical specimens available
for routine molecular analysis, molecules present in
blood have the widest diagnostic potential. Among
these, proteins frequently have the greatest clinical sig-
nificance. Proteins provide a broad picture of patient
phenotype (current status), rather than indicating un-
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changing probabilistic risks that can be inferred from
sequence analysis of genomic DNA (e.g., from white
blood cells). Analysis of plasma mRNA (1), although
capable of detecting a range of fetal and other pheno-
typic abnormalities, has not yet achieved widespread
use in diagnostics. Likewise circulating tissue cells, use-
ful in cell-based assays, have been observed in specific
cancers (2) but have yet to be exploited in routine di-
agnostic medicine. Small molecule metabolites are
abundant in plasma, but, being the products rather
than the mechanisms of life processes, reveal a limited
range of enzymatic and filtration defects. Thus among
the classes of molecular analytes, proteins provide a
unique combination of practical accessibility and
broad clinical significance.

The clinical chemistry of proteins has already
achieved fundamental importance in medicine. Exist-
ing protein tests provide a spectrum of clinical infor-
mation, including definitive diagnosis of acute events
(e.g., cardiac troponin released into blood after a myo-
cardial infarction), prediction of disease risk [C-
reactive protein (CRP)* increases in coronary disease]
and detection of disease recurrence (thyroglobulin in
metastatic thyroid cancer after thyroid removal). These
successes have raised hopes for new and improved clin-
ical diagnostic tests for many disease indications and,
as a result, have focused substantial attention on the
discovery of novel protein biomarkers. Recent refine-
ments of global protein detection methods, referred to
as proteomics, hold out the promise of rapid progress
in this area—promise as yet unfulfilled in the form of
any widely used clinical test. Considerable discussion
in the research community has identified several fac-

2 Nonstandard abbreviations: CRP, C-reactive protein; FDA, US Food and Drug
Administration; CLIA, Clinical Laboratory Improvement Amendments; CDC,
Centers for Disease Control and Prevention; PTM, posttranslational modifica-
tion; BNP, brain natriuretic peptide; NT-proBNP, N-terminal pro-BNP; a-HBDH,
a-hydroxybutyrate dehydrogenase; LDH, lactate dehydrogenase; IVD, in vitro
diagnostic; CPT, Current Procedural Terminology; DORA, Directory of Rare
Analyses; AST, aspartate aminotransferase; ALT, alanine aminotransferase;
GGT, y-glutamyltransferase; CK-MB, creatine kinase-MB; Tnl, troponin I; Lp(a),
lipoprotein(a); CA15-3, cancer antigen 15-3; sTfR, soluble transferrin receptor;
TSH, thyroid-stimulating hormone; LH, luteinizing hormone; FSH, follicle-
stimulating hormone; LDT, laboratory-developed test; COPD, chronic ob-
structive pulmonary disease; PMA, premarket approval; MS, mass spectrometry.
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tors limiting progress in identifying new clinical bio-
markers, including the lack of an effective technology
platform to verify candidate markers in large sample
sets (3), the difficulty of securing access to well-
designed clinical sample sets without significant bias
(4), the absence of an organized biomarker develop-
ment pipeline (5, 6), and finally, the absence of any-
thing approaching a useful theory of biomarkers. This
last point exposes the totally empirical nature of bi-
omarker research and suggests a sobering comparison
with the pharmaceutical industry, in which progress is
slowing despite research funding at more than 100
times the level of protein diagnostics.

In confronting such difficulties, it is instructive to
survey past experience in the relevant field (clinical
chemistry). One would like to know how many protein
tests there are already, at what rate these have been
discovered, what aspects of the protein are significant
(e.g., concentration, chemical modification), what
tests cost in practice, and so on. In this review, I have
attempted to assemble publicly available data that shed
some light on these questions, focusing particularly on
tests that have been granted US Food and Drug Admin-
istration (FDA) clearance or approval (taken here as a
proxy for demonstrated clinical value). The resulting
lists of tests and associated protein accessions also pro-
vide a useful summary of well-characterized specific
protein assays available for use in benchmarking
biomarker research.

Sources and Methodology

On January 2, 2009, I downloaded a database file in text
format (clia_detail.txt) of 42452 diagnostic tests
cleared or approved in the US under the Clinical Lab-
oratory Improvement Amendments (CLIA) regulations
from the FDA website (www.fda.gov/MedicalDevices/
DeviceRegulationandGuidance/Databases/ucm142437.
htm). These data were collected by the Centers for Dis-
ease Control and Prevention (CDC) between 1993 and
2000 and by the FDA since February 2000. Tests cleared
or approved before July 26, 1993, are listed as of that
date (i.e., there is no information on the timing of test
approvals before 1993). The file was parsed into an Ex-
cel spreadsheet yielding 885 unique analyte listings (in-
cluding multiple names for a few analytes). I selected
the list of unique “protein” assay targets by inspection
of analyte names, using criteria aimed at selecting the
gene products actually being measured (summary in
Table 1; detail in Supplementary Table 1, which ac-
companies the online version of this article at www.
clinchem.org/content/vol56/issue2). A second list of
additional polypeptide analytes (summary in Table 2;
detail in online Supplementary Table 2) consists of re-
lated molecules that do not meet the unique protein
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criteria. These fall into several groups. Peptides were
distinguished from proteins by an arbitrary mass cutoff
of 5 kDa. Posttranslational modifications (PTMs)
comprise modified forms of a primary protein gene
product already included in the unique protein list.
Likewise, where a protein analyte is also tested as part of
a complex with other proteins, the complexes are clas-
sified separately. Autoantibodies to human proteins,
while obviously being proteins themselves, are treated
as a separate category. Proteins in blood cells (mea-
sured in whole blood, but not in serum or plasma) are
also treated separately. This classification, while helpful
in establishing the protein analyte count, yields some
anomalies. Brain natriuretic peptide (BNP) is classified
as a peptide, whereas N-terminal pro-BNP (NT-
proBNP) is a protein, and the date of introduction as a
protein analyte is taken as the earlier of these 2. Pro-
teins whose functional unit is a complex of several
separate gene products not measured separately (e.g.,
complement C1 or ferritin) are treated as 1 test analyte
instead of as complexes, but all component gene
products are counted. Several tests, including some
widely used enzyme tests of longstanding useful-
ness, are difficult to associate with a single specific
gene product, and some classic tests [e.g.,
a-hydroxybutyrate dehydrogenase («-HBDH), ex-
cluded here] appear to measure an enzyme activity
of a protein with another name [a-HBDH seems to
be an activity of a lactate dehydrogenase (LDH)
isoenzyme (7)] and are thus excluded.

I obtained the earliest FDA approval date for each
analyte and the total number of test versions approved
by tabulation of records in the database file. I obtained
the number of tests offered by vendors of major in vitro
diagnostic (IVD) instrument platforms by selecting
and tabulating versions whose “Vendor” field included
1 of the following: Abbott, Bayer, Beckman, Becton,
Hitachi, Dade, Diagnostic Products, Olympus, Ortho,
Roche, or Siemens.

I collected additional data for analytes listed in
Supplementary Table 1 by a manual Web-based search
procedure. Sequence accessions from the SwissProt da-
tabase (us.expasy.org/sprot/, accessed in August 2009)
were added except where protein identification was
unacceptably ambiguous (as indicated by ? or ~ in the
supplementary table). I obtained Current Procedural
Terminology (CPT) codes primarily from the Quest and
ARUP websites, and reimbursement rates, by searching
the 2008 Clinical Diagnostic Laboratory Fee Schedule
(www.cms.hhs.gov/ClinicalLabFeesched/02_clinlab.asp).
I obtained molecular weights and normal concentra-
tion values from the list of Hortin et al. (8) or from
SwissProt (molecular weight). Five classes of pro-
tein analytes were assigned by inspection: proteins
that act in plasma (at least 1 function in circulation),



Existing Clinical Protein Tests

Table 1. FDA-cleared or -approved protein analytes assayed in serum or plasma.
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Acid phosphatase

Alanine aminotransferase (ALT or SGPT)
Albumin

Aldolase

Alkaline phosphatase (ALP)
a-1-Acid glycoprotein (orosomucoid)
a-1-Antitrypsin

a-2-Antiplasmin
a-2-HS-glycoprotein
a-2-Macroglobulin
a-Fetoprotein (tumor marker)
Amylase

Amylase, pancreatic

ACE

Antithrombin III (ATIII)
Apolipoprotein A1
Apolipoprotein B

Aspartate aminotransferase (AST or SGOT)
B-2 Microglobulin
B-Thromboglobulin

Biotinidase

Cancer antigen 125 (CA 125)
Cancer antigen 15-3 (CA 15-3)
Cancer antigen, human epididymis protein 4 (HE4)
Carcinoembryonic antigen (CEA)
Ceruloplasmin

Cholinesterase

Complement C1

Complement C1 Inhibitor
Complement C1Q

Complement C3

Complement C4

Complement C5

CRP

Creatine kinase-BB (CKBB)
Creatine kinase-MM (CKMM)
Cystatin C

Erythropoietin

Factor IX antigen

Factor X

Factor XIII

Ferritin

Fibrinogen

Fibronectin

FSH

GGT

Haptoglobin

Human chorionic gonadotropin (hCG), beta, serum, quantitative

Hemopexin

her-2/neu protein

Human growth hormone (HGH)
Human placental lactogen (HPL)
IgA

IgD

IgE

56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
Al
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109

19G

IgM

Inhibin-A

Insulin

Insulinlike growth factor-I (IGF-I)
Insulinlike growth factor-Il (IGF-I1)
IGFBP-1

IGFBP-3

Interleukin-2 receptor (IL-2R)
Isocitric dehydrogenase

k Light chains

Lactate dehydrogenase heart fraction (LDH-1)
Lactate dehydrogenase liver fraction (LLDH)
Lactoferrin

A Light chains

Lipase

Lp(a)

Lipoprotein-associated phospholipase A2 (LP-PLA2)
LH

Lysozyme

Myeloperoxidase (MPO)
Myoglobin

Osteocalcin

Parathyroid hormone, intact
Phosphohexose isomerase
Plasminogen

Plasminogen activator inhibitor (PAI)
Prealbumin

NTproBNP

Procalcitonin (PCT)

Prolactin

Properdin factor B

Prostatic acid phosphatase (PAP)
Prostatic specific antigen (PSA)
Protein C

Protein S

Pseudocholinesterase

Pyruvate kinase

Renin

Retinol binding protein (RBP)

Sex hormone-binding globulin
Soluble mesothelin-related peptide
Sorbital dehydrogenase (SDH)
Thyroglobulin

TSH

Thyroxine binding globulin (TBG)
Tissue plasminogen activator (T-PA)
Transferrin

Transferrin receptor (TFR)
Troponin T (TnT)

Tnl (cardiac)

Trypsin

Urokinase

Von Willebrand factor
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Table 2. Test analytes that are not FDA cleared or approved (i.e., LDTs) found in the test menus of 1 or more of

3 major reference laboratories or in DORA.

110
m
112
113
114
115
116
17
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157

5" Nucleotidase

ADAMTS13 activity and inhibitor

Adenosine deaminase, fluid

Adiponectin

« Subunit of pituitary glycoprotein hormones
a-Galactosidase, serum
a-N-acetylglucosaminidase, serum

Amyloid B-protein

Angiotensinogen

Anti-Mullerian hormone (AMH), serum
B-Glucuronidase

B-N-acetylglucosaminidase

Calprotectin

Cancer antigen 72-4

Cholecystokinin

Complement C2

Complement C4 binding protein
Complement C6

Complement C7 level

Complement C8 level

Complement C9 level

Corticosteroid binding globulin (transcortin)
CYFRA 21-1 (soluble cytokeratin 19 fragment)
Dopa decarboxylase

Elastase, pancreatic, serum

Eosinophil cationic protein

Epidermal growth factor

Epidermal growth factor receptor (EGFR)
Factor Il activity assay, plasma

Factor V activity assay, plasma

Factor VII activity assay, plasma

Factor VIII activity assay, plasma

Factor XI activity assay, plasma

Factor XII activity assay, plasma

Fibroblast growth factor (FGF2)

Gastric inhibitory polypeptide (GIP)
Glutathione peroxidase

Granulocyte colony-stimulating factor
Granulocyte-macrophage colony-stimulating factor
Growth hormone binding protein
Hemoglobin, free plasma

Heparin cofactor |l

Hexosaminidase A and total hexosaminidase, serum
High molecular weight kininogen

Human growth hormone-releasing hormone (HGH-RH)
IgG subclass 1

IgG subclass 2

IgG subclass 3

158
159
160
161
162
163
164
165
166
167
168
169
170
17
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205

IgG subclass 4

Inhibin B (infertility)

IGFBP-2

Intercellular adhesion molecule 1
Interferon-vy

Interferon-c, EIA

Interleukin-1 receptor antagonist
Interleukin-1 soluble receptor type Il
Interleukin-1c

Interleukin-18

Interleukin-2

Interleukin-3

Interleukin-4

Interleukin-5, plasma

Interleukin-6

Interleukin-7

Interleukin-8, serum

Interleukin-9

Interleukin-10, serum

Interleukin-11

Interleukin-12

Interleukin-13

Interleukin-14

Interleukin-15

Interleukin-16

Interleukin-17

Interleukin-18

Kallikrein

Leptin

Leucine aminopeptidase
Mannose-binding lectin
Neuron-specific enolase (NSE)
Neurophysin

Pancreastatin

Pepsinogen |

Pepsinogen I

Proteasome activity, plasma-based, Leumeta®
S-100B protein, serum

Soluble CD30

Squamous cell carcinoma antigen, serum
Thyrotropin releasing hormone (TRH)
Transforming growth factor-B1
Tumor necrosis factor receptor 1
Tumor necrosis factor receptor 2
Tumor necrosis factor-a

Tumor necrosis factor-8

Vascular endothelial growth factor (VEGF)
Vitamin D-binding protein
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Existing Clinical Protein Tests

immunoglobulins, receptor ligands (e.g., hormones),
tissue leakage (e.g., cardiac troponins), and aberrant
secretions (e.g., cancer markers).

Unique protein analytes (as defined for FDA-
cleared or -approved tests above) for which plasma- or
serum-based tests are conducted by reference labora-
tories were tabulated by inspection of tables created on
August 8, 2009, from the test menus on public websites
of Quest (Nichols Institute), ARUP, and Mayo Med-
ical Laboratories, which were then merged into a
single list maintaining a count of laboratories offer-
ing each unique test.

Similarly, I manually searched the Directory of
Rare Analyses (DORA) (9), last published in 2007 by
J.M. Hicks and D.S. Young, for protein-based tests and
assembled a spreadsheet (see online Supplementary
Table 3). DORA contained tests for 65 proteins and 32
peptides not found in the FDA-approved list.

Given the numbers of tests surveyed and the selec-
tion of protein analytes by inspection, there is signifi-
cant potential for error or inexactness in the assembled
data. Any such errors are the responsibility of the au-
thor, who would be grateful for material corrections.

FDA-Cleared or -Approved Tests for Proteins in
Plasma or Serum

The primary objective of this analysis was to investigate
the number and character of protein analytes currently
measured by IVD tests, beginning with those that have
been cleared or approved by the FDA. For this purpose,
I used a rather restrictive definition of protein, result-
ing in selection of 109 unique protein analytes (Table 1,
online Supplementary Table 1). These proteins com-
prise approximately 114 gene products, if we exclude
the 7 immunoglobulin component chains (5 heavy-
chain and 2 light-chain types made by recombination
of approximately 26 partial genes).

A large majority of the protein analytes (88 of 109,
approximately 80%) are typically measured by immu-
noassay (see online Supplementary Table 1), with the
remainder accounted for by enzyme assay (19 of 109, 1
of which uses an antibody) and functional coagulation
assay (2 of 109). Costs for the FDA-approved assays,
using average 2008 Medicaid reimbursement rate as a
proxy, vary by more than 10-fold, from $9 for albumin
to $122 for her-2/neu protein, with an average cost of
$29 (median $25). Average immunoassay cost across
these analytes is $31, whereas average enzyme assay
cost is $16, reflecting the age and overall simplicity of
enzyme assays. There appears to be little if any relation-
ship between test cost and the protein’s normal con-
centration or the date of the test’s approval.

The largest subset of the 109 protein analytes
(45%) carry out a known function in plasma other than

Aberrant
secretions

6%

Receptor
ligands
18%

Function in
plasma
45%

Tissue leakage
25%

Immunoglobulins
6%

Fig. 1. Functional categories of the 109 unique pro-
teins measured by FDA-cleared or -approved tests in
plasma or serum.

antigen binding, and a further 6% are immunoglobu-
lins (Fig. 1). Hence a total of 51% of assays measure
proteins that can be considered to carry out their nor-
mal functions in plasma, adopting a previous classifi-
cation (10 ). Tissue leakage products (25%) and recep-
tor ligands (hormones, etc.; 18%) constitute the other
major classes, with the remainder comprising aberrant
secretions (mainly tumor markers; 6%).

Pace of Introduction of New Tests

Of the 109 unique FDA-approved protein tests as de-
fined here, 87 (80%) were introduced before 1993 and
22 (20%) in the last 15 years (Fig. 2). The average rate of
FDA approval of new protein-based tests over the last
15 years is thus approximately 1.5 new tests per year
(median of 1 per year), a rate that appears to have been
essentially constant over this period. Although an ear-
lier analysis through 2002 (10) suggested a substantial
decline, the present reanalysis extending through the
end of 2008 indicates only a slight downward trend.
The current rate of introduction does seem to be less
than pre-1993, given that most pre-1993 tests were
probably introduced in the prior 15-year period (1977—
1993, the heyday of immunoassay development with
monoclonal antibodies): 87 tests introduced between
1977 and 1993 would yield an average rate of 5.8 new
tests per year.

Test Versions

Approximately 90% of all protein tests ever formally
cleared or approved are still in active use: 98 of the 109

Clinical Chemistry 56:2 (2010) 181
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Biotinidase
Osteocalcin
Cystatin C
HER-2/neu

3 | | ]

TnT Inhibin-A

IL-2R
IGFBP-3

IGFBP-1
sMesothelin

2 | | u

STR MPO HE4
Factor XIII

1GF-II BNP LP-PLA2
1 [ I | | ] L |
Tnl CA15-3/CA27.29

Number of new protein analytes

Pancreatic
amylase

0
1993 1995 1997 1999 2001 2003 2005 2007 2009

Year of FDA clearance or approval

Fig. 2. FDA-cleared or -approved protein tests ap-
proved under CLIA regulations since 1993.

IGFBP, insulinlike growth factor—binding protein; IL-2R,
interleukin-2 receptor; TnT, troponin T; IGF-Il, insulinlike
growth factor Il; CA27.29, cancer antigen 27.29 (same as
CA15-3); LP-PLA2, lipoprotein-associated phospholipase
A2; PCT, procalcitonin; MPO, myeloperoxidase; sMesothe-
lin, soluble mesothelin-related peptide; HE4, cancer anti-
gen, human epididymis protein 4.

tests are offered by 1 of the 3 reference laboratories
surveyed, and 85 (78%) are offered by all 3. A some-
what smaller proportion (80 tests, 73% of the total)
have been offered on major vendor instrument plat-
forms as defined here, and 77 tests in both settings.
Most of the 11 tests not offered by 1 of the 3 reference
laboratories are probably obsolete (10 introduced be-
fore 1993, including 5 enzymes): only myeloperoxidase
was introduced recently (2005).

Individual protein analytes appear multiple times
in the database, each the result of a CLIA approval and
categorization (here called an “entry”). Repeat entries
can indicate that a new assay has been developed (e.g.,
by a new vendor), that an assay has been improved or
changed category, that an existing assay has been im-
plemented on a new instrument platform, or even that
the vendor has changed its name. Hence the absolute
count of assay entries is not directly interpretable in
terms of the number of distinct assays that have been
made to detect the analyte, but is used here as a proxy
for the amount of development activity around a given
protein analyte. In aggregate, the 109 proteins tests
have been entered a total of 7603 times, with 2949 of
these entries submitted by major instrument platform
vendors.

CRP has been entered most frequently (378 en-
tries), perhaps because of its dual use (low-sensitivity
test for inflammation and high-sensitivity for cardio-
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vascular risk). Nine other tests have been entered >200
times, including 6 enzymes [amylase, aspartate amino-
transferase (AST), alanine aminotransferase (ALT),
y-glutamyltransferase (GGT), lipase, and creatine
kinase-MB (CK-MB), here considered a protein com-
plex] and 3 high-/medium-abundance plasma proteins
(albumin, ferritin, and fibrinogen). A further 21 tests
have been entered between 101 and 200 times, 37 tests
between 11 and 100 times, 28 tests 2—11 times, and 13
tests just once. Among tests implemented >100 times,
only 1 was introduced more recently than 1993 [car-
diac troponin I (Tnl), 1995], whereas 7 of the 13 single-
entry tests arrived in that period.

Judging by entry frequency, the most successful
tests introduced in the last 15 years (each with at least
10 implementations) are cardiac Tnl (1995; 103 imple-
mentations), lipoprotein(a) [Lp(a)] (1997; 62), cancer
antigen 15-3 (CA15-3) (1998; 36), pancreatic amylase
(20025 36), cystatin C (2001; 22), NT-proBNP (2002;
18, plus BNP alone 2000; 44), and soluble transferrin
receptor (sTfR 1997; 18). Immunoassays predominate
in recent tests: only 1 of these 7 involves an enzyme
(pancreatic amylase), and even in that case, the test
usually involves an antibody to achieve isoenzyme
specificity.

Under CLIA regulations, tests are classified in 3
categories as to complexity: high, moderate, and
waived. Of the 109 protein analytes, 95 have a high-
complexity version (presumably introduced first), and
of these, 54 have a moderate-complexity version of the
same date (i.e., 1993). In 17 cases, a moderate version
was introduced in the last 15 years after a preexisting
high version, and in 12 cases a moderate test was intro-
duced without a high-complexity precursor. A total of
9 analytes have waived versions (considered simple and
accurate to use, in each case approved in the last 15
years and following after >100 approved high- and
moderate-complexity versions. The waived analytes
include 5 enzymes (GGT, AST, ALT, amylase, and al-
kaline phosphatase), 3 hormones [thyroid-stimulating
hormone (TSH), luteinizing hormone (LH), follicle-
stimulating hormone (FSH)], and albumin.

Other FDA-Cleared or -Approved Tests

A further 62 tests involving human proteins have been
cleared or approved by the FDA (online Supplemen-
tary Table 2, Fig. 3). Autoantibodies against human
proteins formed the largest subset (20 tests; numerous
allergen tests were excluded because they involve IgE
against nonhuman protein antigens), some of which are
aimed at detecting autoimmune disease (e.g., antiacetyl-
choline receptor antibodies) and some at detecting auto-
antibodies known to interfere with immunoassays of



Existing Clinical Protein Tests

In blood
cells
8%

Antibodies
12%

Complexes

2% \

PTMs
10%

Unique
proteins

Peptides
64%

4%

Fig. 3. Breakdown of all cleared or approved tests for
109 unique proteins (64%) and protein-related ana-
lytes (62 additional tests) in plasma or serum.

the protein target (e.g., antithyroglobulin antibodies
(11)). The second-largest subset involved posttransla-
tional modifications of proteins for which tests exist
already in Table 1 (18 tests, of which 6 involve glyco-
sylation and 12 involve proteolytic cleavage and/or
cross-linking). These tests demonstrate the clinical po-
tential for PTM-based biomarkers emerging from ad-
vanced proteomics studies. Peptides falling beneath the
5-kDa arbitrary cutoff (7 tests), complexes (3 tests),
and proteins assayed in blood cells but not in plasma or
serum (14 tests) account for the remainder.

Laboratory-Developed Tests for Additional Unique
Proteins in Plasma/Serum

A survey of large reference laboratory test menus and
the published DORA yielded an additional 96 unique
protein tests applied to plasma or serum (see online
Supplementary Table 3). A pool of 3 reference labora-
tories offered tests for 62 unique proteins in addition to
98 of the 109 FDA-approved analytes. DORA listed a
further 34 unique protein tests (in addition to 31 also
offered by the reference labs), approximately half of
which consist of cytokines and growth factors widely
measured in cell biology studies. The overall total num-
ber of unique proteins measured is 205 (Fig. 4).

Clinical Plasma Proteome

These assays, taken together, provide a reasonable esti-
mate of the scope of the current clinical plasma pro-
teome. FDA-cleared or -approved assays available for
109 human proteins cover approximately 0.5% (116)
of the roughly 20 500 protein-coding human genes

Ref Labs

Fig. 4. Composition of 209 total unique clinical pro-
tein tests available, FDA cleared or approved (109),
and LDTs.

(12 ). Assays for an additional 96 proteins are offered as
laboratory-developed tests (LDTs) by major reference
laboratories or referred to in DORA, yielding a total of
205 unique protein analytes in plasma or serum (ap-
proximately 1% test coverage of the proteome). If we
were to include related assays targeting peptides, post-
translational modifications, protein complexes, etc.,
the grand total would be significantly larger: 62 such
additional assays were found among those approved by
the FDA, but LDTs in these categories were not tabu-
lated. Despite some ambiguities regarding the specific
isoforms and subunit compositions of proteins being
measured, as well as the recognized specificity limita-
tions of enzyme and immunoassays (13 ), overall this
assay portfolio compares favorably with current pro-
teomics discovery methods in terms of sensitivity, pre-
cision, and site-to-site reproducibility. Its size and
widespread clinical utilization demonstrates beyond
any doubt the value of protein-based diagnostics.

Implications for the Future of Protein Diagnostics

Unfortunately, the diagnostic protein portfolio is
growing much too slowly to meet important medical
needs, which include tests for Alzheimer disease,
chronic obstructive pulmonary disease (COPD), any
imminent cardiovascular event, occlusive vs hemor-
rhagic stroke, and most forms of cancer. In reality, early
detection of almost any serious disease constitutes a
significant unmet need. Although the rate of new pro-
tein analyte introduction measured over the past 15
years no longer appears to have been falling (as it ap-
peared in an earlier analysis (10)), the rate appears to
be very low indeed, averaging 1.5 new protein analytes
per year. This rate is far below what must have been
achieved in the early phase of immunoassay develop-
ment, when most of the 87 pre-1993 tests seem to have
appeared at a rate closer to 6 per year. Growing biomar-
ker discovery efforts appear to have the potential to

Clinical Chemistry 56:2 (2010) 183



kickstart a new wave of diagnostic development.
Global methods of proteomics (14—16 ) can now detect
>1000 proteins in plasma (5 times the number for
which we have specific tests) despite being limited so
far to ~ug/L (ng/mL) sensitivity (roughly 1000-fold
less sensitive than the best specific immunoassays).
However, none of the tests approved by the FDA to
date appear to have been discovered as biomarkers us-
ing the methods of proteomics, and indeed the devel-
opment of proteomics does not appear to have yet
caused a visible increase in the rate of introduction of
new protein analytes.

The approximately 100 LDTs listed here might
serve as an alternative source of new FDA-approvable
tests if reality conformed to a naive paradigm in which
analytes are introduced as LDTs, then progress to FDA
approval on a hospital instrument, and finally mature
to a point—of-care device (a process described by
knowledgeable IVD executives as requiring 10-20
years per stage). However, there seems to be little evi-
dence that current LDTs include new blockbuster tests
like BNP, or that many current LDTs are progressing
onto major IVD platforms (entrenched LDTs with lit-
tle regulatory burden could have a lasting competitive
advantage). Given the increasing pressure (17) for the
FDA to extend the more rigorous regulatory mecha-
nisms of 510(k) and premarket approval (PMA) regis-
tration to cover these LDTs (thereby significantly in-
creasing the cost to laboratories offering them, and
weeding out poorly validated and perhaps unapprov-
able analytes), it is in fact possible that the total number
of protein tests offered clinically could decline substan-
tially over the next few years.

On the other hand, it may well be darkest before
the dawn. Several developments could signal the arrival
of positive disruptive change in the protein diagnostics
arena. Serious efforts are now underway to demon-
strate technology components for, and ultimately as-
semble, an effective high-throughput pipeline for win-
nowing the large numbers of poorly-credentialed
protein biomarker candidates emerging from pro-
teomics research to reveal those with real (approvable)
clinical potential. The lack of such an integrated devel-
opment pipeline is widely believed to be the largest bar-
rier to increasing the flow of new protein tests. At the
same time, the use of mass spectrometry (MS) as ana-
lyte detector in protein measurement may solve two of
the most vexing issues with immunoassays: specificity
(MS detectors can provide absolute structural specific-
ity for unique-sequence tryptic peptides measured as
surrogates for specific analyte proteins in plasma di-
gests, allowing robust interference rejection) and mul-
tiplexing (MS detectors can measure >100 peptides at
very little incremental cost per added analyte). If MS
methods are able to achieve immunoassay sensitivity
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(approaching ng/L concentrations) and precision (18) at
comparable cost, then similar MS instrument platforms
could find use in both biomarker research and develop-
ment (where a comprehensive library of specific assays for
all human proteins has been proposed (19)) and in the
clinical laboratory. Such a shared platform between bio-
marker development and the clinical laboratory could po-
tentially eliminate the costly and time-consuming rede-
velopment of immunoassays for IVD use.

In parallel with these technical advances, 2 major
improvements in the use of IVD results may further
leverage their clinical (and thus economic) value. The
ability to use multiplex panels of specific proteins may
significantly improve diagnostic performance through
use of protein ratios (giving improved internal stan-
dardization) and more sophisticated interpretive algo-
rithms. Perhaps more important, measurement of
changes within individual patients over time using pe-
riodic sampling (true personalized medicine, with a
personal baseline replacing the current population-
based reference interval) allows detection of smaller,
and thus earlier, disease-related changes (20 ). Both of
these approaches aim to increase biological signal in
relation to noise to increase the clinical relevance of test
results, and both require a significant increase in the
total volume of protein tests performed in the clinical
laboratory.

Time will tell whether a revolution in protein di-
agnostics lies ahead. Such a possibility has long been
discounted given the conservative structure of the IVD
industry, its regulatory load, limited venture invest-
ment, and the paucity of attractive new markers to
date. In fact, there appears to have been no really dis-
ruptive change in protein diagnostics since the intro-
duction of immunoassays almost 50 years ago (21 ).
Even so, business as usual no longer appears to be a
viable option in the face of current challenges in health-
care delivery. If the tools are at hand to construct a new
paradigm, we are fortunate indeed.
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