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Monitoring cytokine profiles

during immunotherapy

Measuring cytokine production is an integral part of measuring immune response during immunotherapy.
Current technologies allow the simultaneous quantification of multiple cytokines in a variety of tissues.
Patterns of cytokine response can be referred to as cytokine profiles. This article discusses the experimental
design and data analysis of a number of studies that examined cytokine profiles in humans. We highlight
potential sources of variability, both due to assay nuances and the diversity of human populations. We
present strategies for analyzing data, emphasizing both multidimensional analysis and the value of treating

each donor as his or her own control.

KEYWORDS: cytokine profile data analysis

immunotherapy

Cytokines are small proteins secreted by various
cells of the immune system that provide cell to
cell signaling, usually within a microenviron-
ment. Measuring cytokine production is an
integral part of measuring immune response [1].
Monitoring cytokine profiles during immuno-
therapy can provide insights into changes in the
immune system and useful biomarkers of early
response to treatment [2]; and subsequently indi-
cators to guide the course of treatment and adap-
tive clinical trial design 3. The primary goal
of this article is to review the existing literature
that can inform the design and analysis of the
next generation of cytokine monitoring stud-
ies. Herein, we summarize a variety of studies
on cytokine monitoring in humans, discussing
how authors have analyzed and presented results,
with an emphasis on studies measuring a large
number of cytokine readouts. In addition, we
highlight some of the challenges of monitoring
cytokine profiles in diverse human populations
and identify multiple possible sources of physio-
logical variability. Finally, we provide some
thoughts about the design of future studies.
The studies discussed here are drawn primar-
ily from cancer immunotherapy research, with
a few examples from studies of transplantation,
autoimmunity and infectious disease vaccine
response. In addition, several studies in aging
and stress research were included owing to the
large number of patients and/or the large number
of cytokines described. To be included, studies
needed to consider at least two cytokines. While
there is also a body of literature on monitoring
cytokines in allergy [4-6], these studies are not
discussed here. We did not attempt to interpret
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or generalize the biological findings described
in the included studies, in part because they are
diverse in terms of disease, therapy, assays and
tissues, but more importantly because our focus
is on the experimental design of the studies and
the analysis of results.

An overview of monitoring

Tasies 1 & 2 summarize studies of cytokine produc-
tion in a variety of settings, including immuno-
therapy. Taeee 1 focuses on measurement studies,
which by our definition include data for only one
time point, while Taee 2 focuses on monitoring
studies, which include at least two time points.
Both tables include the number of donors, the
number of cytokines/chemokines measured, the
tissue(s) analyzed, the technology platform(s)
used to collect the data, the disease of interest
and the year of publication. The largest number
of donors considered here is 738.

None of these studies approach the scale of
large long-term monitoring studies of auto-
immunity in terms of number of donors and
number of time points. For example, the
Diabetes Autoimmunity Study in the Young
(DAISY) has followed over 2500 children for
up to 16 years [Barrica K, Pers. Comm.]. Children are
tested at 9, 15 and 24 months of age, and annu-
ally thereafter for the presence of autoantibodies.
Duplicate samples are analyzed, and readouts
are classified as positive when the mean of the
duplicates is greater than the 99th percentile of
the control population. Positive results are con-
firmed in such a way that a positive classification
is based on at least four positive tests. In addi-
tion, 5% of negative samples are blinded and
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Table 1. Summary of measurement studies.

Author (year Donors with Control Number of Tissue(s) Platform Therapy Condition(s) Ref.
of publication)  disease (n) donors (n) analytes - of interest
cytokines or
chemokines
Shurin (2007) 397 30 Serum Luminex NA Aging [62]
Hoge (2009) 20 + 28! 48 20 Serum Luminex NA Panic disorder, [44]
post-traumatic stress
disorder
Sadeghi (2005) 132 12 Urine ELISA NA Urinary tract (60]

infection in kidney
transplant recipients

Dhiman (2010) 738 9 PBMC ELISA Rubella NA [9]
vaccine
Inagaki (2006) 94 + 397 50 8 Serum CBA (6), NA Adult T-cell leukemia/ 8]
ELISA (2) lymphoma, human

T-cell lymphotropic
virus type-1

Casasnovas (2007) 519 32 7 Plasma ELISA NA Hodgkin's (45]
lymphoma

Evans (2010) 80 38 6 PBMC CBA NA Colorectal cancer (88]

Jiménez (2005) 19 3 6 Plasma, CBA (6), NA Kidney transplant (72]

urine ELISA (6)

Ohtani (2010) 20 + 12F 6 Serum ELISA NA Ulcerative colitis, (89]
Crohn'’s disease

Gomez (2004) 52 25 5 Serum ELISA NA Systemic lupus [64]
erythematosus

Larsen (2000) 37 5 PBMC ELISA Hepatitis B NA (46]

vaccine
Satyam (2009) 72 50 5 Serum ELISA NA Urothelial carcinoma  [90]
Soares (2008) 29 + 271 5 Whole Flow TBvaccine NA [28]
blood, cytometry

plasma (5), CBA (4)

Oliveira (1998) 56 4 Fine needle ELISA NA Kidney transplant 1]
aspirate
bioposy

Takahashi (2009) 16 10 4 Plasma ELISA NA Cancer cachexia [69]

Zisakis (2007) 33 23 4 PB, tumor  ELISPOT NA Glioblastoma (92]
cell culture

Inokuma (2007) 21 41 3 PBMC Flow NA Breast cancer [79]

cytometry

These studies measured multiple analytes at a single time point. The data are sorted by number of analytes. If multiple platforms were used, the number of analytes
measured by each platform is noted in parentheses next to the platform. Both Luminex and CBAs use the same underlying technology in which polystyrene
microspheres are coated with reagents designed to capture soluble analytes of interest. While the Luminex instrument is designed specifically to process multiplex
bead-based assays, CBAs can be processed on many flow cytometers.

"Multiple cohorts.

CBA: Cytokine bead array;, NA: Not applicable; PB: Peripheral blood; PBMC: Peripheral blood mononuclear cell.
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[42]

retested [7]. Related work has shown that the
number of positive antibodies is predictive of

Ref.
[37]
[

risk [8]. Among first-degree relatives of patients
with type 1 diabetes, the 5-year risk of diabetes
was 15% if one autoantibody was positive, 44%
if two were positive, and 100% if three were
positive, illustrating the importance of moni-
toring more than one biomarker. The design of
and observations gleaned from such large-scale

Condition(s)
of interest
Elderly vs young
Breast cancer

Acquired aplastic
anemia

Acute leukemia

long-term studies can inspire better monitoring
studies associated with immunotherapy. While
cancer or transplantation immunotherapy
studies may not be able to follow patients for
20 years, the number of patients, the number of
time points, and therefore the rigor with which
positivity are evaluated are all instructive.

In addition, infectious disease vaccine stud-
ies can provide valuable reference data sets for

Heat killed Mycobacterium Prostate cancer

Inactivated autologous

Immunosuppression
leukemia cells

Influenza vaccine

Therapy

immunotherapy studies. In contrast to experi-
mental cancer therapies or transplantation,
vaccination for rubella [9] or influenza [10) provides
alarge patient pool (738 and 300, respectively) of
presumably healthy donors. Immune responses to
these vaccines are relatively robust, particularly as
compared with tumor-associated antigens. Thus,

ELISA (1), ELISPOT (1) p53 peptide pulsed DCs

Platform

Flow cytometry
Flow cytometry
Flow cytometry
ELISA

documented cytokine responses to infectious dis-
ease vaccines help to calibrate a strong response in
normal healthy donors. Knowledge of these cyto-
kine response patterns can inform the interpreta-
tion of immune functional response patterns in

CD3* marrow

cells

PBMC
PBMC
PBMC
Serum

potentially immunocompromised donors, such as
the response of cancer patients to more weakly
immunogenetic self-tumor antigens.

Interestingly, the Cancer Vaccine Clinical
Trial Working Group recommended that proof-
of-principle trials should include a minimum

Number of Tissue(s)
time points

Up to 17
Uptod

of 20 patients, and that immune response be
demonstrated by two separate assays at two con-
secutive time points after initial baseline assess-
ment (three time points in total) (11]. In addition,
Milldn et al. speak to the value of measuring

Number of
analytes —
cytokines or
chemokines

3
3
3
2
2

both specific analytes and general measurements
of immune response such as lymphocyte acti-
vation and proliferation [12]. While the studies
reviewed here were not necessarily designed as
proof-of-principle trials, only three of the 24
monitoring studies summarized in Tase 2 stud-
ied at least 20 patients for at least three time
points [13-15]. Two of these included multiple
immune response assays [14,15].

donors
90 + 107

Control
disease (n)

10

Donors
with

(n)
53
10
26
29

Cytokine milieus

Because cytokines act in networks, monitoring
of a single cytokine may be of limited use [16]. In
addition, cytokines have overlapping functions.

These studies measured multiple analytes at a multiple time points. The data are sorted by number of analytes. If multiple platforms were used, the number of analytes measured by each platform is noted in parentheses

next to the platform. Both Luminex and CBAs use the same underlying technology in which polystyrene microspheres are coated with reagents designed to capture soluble analytes of interest. While the Luminex

instrument is designed specifically to process multiplex bead-based assays, CBAs can be processed on many flow cytometers.

"Multiple cohorts.
CBA: Cytokine bead array, CSF: Cerebrospinal fluid, DC: Dendritic cell; NA: Not applicable; PB: Peripheral blood, PBMC: Peripheral blood mononuclear cell.
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Asking the question “What cytokines are being
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produced and how is that production chang-
ing over time?’ is fundamentally different from
asking the question ‘Is IFN-y being produced?’
Additionally, there is risk in measuring one or
two cytokines and generalizing that the response
is Thl or Th2, particularly if the signal cannot
be associated with the particular cell population
that is generating it. van den Engel ¢f /. mea-
sured IFN-y and IL-5 production in cultures
of tumor-infiltrating lymphocytes and lymph
nodes, and concluded that such cultures showed
mixed type 1/type 2 responses [17]. Kyte and col-
leagues measured secretion of six cytokines from
bulk T-cell cultures from long-term cancer sur-
vivors after peptide vaccination [18]. Resulting
cytokine profiles were IFN-y"s"/TL-10'"/IL-4""
but also IL-5"¢"/IL-13"¢" and thus not easily
classified as Thl or Th2. The authors observed
that while IFN-y is frequently employed as the
only indicator of cytokine response in clinical
trials, the overall cytokine milieu characterized
by the measurement of multiple cytokines may
be more informative. Interestingly, Dhiman and
colleagues reported that 644 of 713 (90.3%)
children (median age: 15) vaccinated for
rubella showed a positive response for IFN-y
while 643 (89.9%) showed a positive response
for IL-10 [9). Consequently, most of the chil-
dren produced both Thl and Th2 responses.
Additionally, 99% showed extremely strong
IL-6 responses, with a median response of
3681 pg/ml, calculated as the readout from the
stimulated aliquot minus the readout from the
unstimulated aliquot. Thus, measuring IFN-y
alone does not adequately capture the full range
of cytokine profiles.

Evidence of cytokine storms offers another
argument for measuring multiple cytokines.
Data collected in association with the well-
known Phase I trial of the anti-CD28 mono-
clonal antibody TGN1412 showed sudden
and dramatic post-treatment increases in nine
cytokines [19]. Subsequent work has shown that
ANC28, a commercially available mitogenic
CD28 antibody, can induce the secretion of
multiple inflammatory cytokines (IL-2, IL-8,
TNF-a and IFN-y) without T-cell receptor
coligation or cross-linking [20].

Demonstrations of plasticity, coupled with
increasing documentation of multiple T-cell
subsets (e.g., Th17, Th9 and Th22), also illus-
trate the complexity of the cytokine network and
modulating feedback loops [21-23]. van der Vliet
and colleagues demonstrated that NKT cells
could be polarized to produce IFN-y or IL-4
depending on whether they were cultured with

future science group
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IL-15 or IL-7, respectively. In addition, polariza-
tion could be reversed by changing the culture
conditions, indicating plasticity of the cells 21].
Thus, 7 vitro findings associated with culture
conditions suggest that the cytokine milieu of the
in vivo microenvironment may be an important
aspect of the cytokine network. Furthermore,
cancer involves multiple molecular alterations
and potentially destabilized pathways, the detec-
tion of which might require the measurement of
as many readouts as possible [24]. Consequently,
broad-based monitoring of the cytokine milieu
may be integral to future studies.

Platforms & applications

Technologies used to measure cytokines include
ELISA, enzyme-linked immunosorbent spot
(ELISPOT), multiplex cytokine bead arrays
(CBAs; Luminex or other), intracellular cytokine
staining (ICS) by flow cytometry and gene expres-
sion platforms. CBAs allow the rapid analysis of
multiple analytes in small volumes of specimens
(e.g., 25 pl) [25]. Both Luminex and CBAs use
the same underlying technology in which poly-
styrene microspheres are coated with reagents
designed to capture soluble analytes of interest.
While the Luminex instrument is designed spe-
cifically to process multiplex bead-based assays,
CBAs can be processed on many flow cytometers.
Hereafter, both techniques will be referred to as
CBAs. ELISA and CBAs are bulk assays in which
the overall concentration of a cytokine can be
measured in a liquid phase sample such as serum,
plasma or urine, or supernatant from cultured
cells. Both ELISPOT and ICS detect cytokine
production at a single-cell level. While ELISPOT
readouts are generally limited to a single cytokine
per well, measuring two cytokines is technically
feasible [26]. In addition, with ELISPOT, there
is no ability to discern phenotype or lineage of
the spot-forming cells, other than through prior
knowledge of the phenotype of the cells that were
placed in the well. ICS supports the simultaneous
interrogation of multiple cytokines, coupled with
lineage markers such as CD3, CD4 and CDS,
and/or memory/effector phenotype markers such
as CCR7, CD57, CD27 and CD45RO [27:28].
However, the number of cytokines that can
be simultaneously measured is less than with
CBA. Two sources compare ELISPOT and ICS,
discussing nuances of both assays [29.30]. Gene
expression platforms support the simultaneous
quantification of mRNA of multiple cytokines.
However, due to post-translational modifications,
mRNA levels may not be consistent with protein
expression [31].
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Burgdorf ez al. used a 15-plex kit on a
Luminex platform to measure cytokines and
chemokines in patients receiving a dendritic
cell vaccine (n = 14). Patients were stratified
by progressive or stable disease. Analytes that
changed significantly over the course of the
trial (up to 120 days) were identified. In gen-
eral, for those patients with stable disease,
cytokine levels increased at 30 and 60 days,
and decreased thereafter [32]. Dehqanzada ez al.
used a 22-plex kit on a Luminex platform to
assess serum cytokine profiles in healthy controls
and Her2/neu-expressing breast cancer patients.
HILA-A*02-positive patients were treated with
an E75 peptide vaccine. The authors identified
significant differences in cytokine levels in sera
of patients compared with controls, of node-
negative compared with node-positive patients,
and in pre- and post-vaccination responses of
vaccinated patients [25]. This data suggests that
such differences in cytokine profiles can be used
in screening, diagnosis and staging of patients.

A study of intracellular cytokine expression
in response to influenza vaccination measured
IFN-y, IL-10 and TNF-a in 90 elderly adults
and ten young adult controls at three time points
using flow cytometry. Nine elderly adults who
subsequently developed laboratory-diagnosed
influenza (LDI) were classified as LDI while
the other elderly adults were non-LDI. The data
showed tenfold lower levels of IFN-y and three-
fold higher levels of IL-10 in the LDI group than
in the non-LDI group. The data also showed that
in influenza-specific CD4* and CD8* cells stim-
ulated with live influenza virus and IL-7, more
than 90% of the CD69* granzyme B* cells were
also IFN-y and IL-10 double-positive, suggesting
again that the Th1/Th2 distinction may not be
relevant in this context. In addition, the authors
concluded that such T-cell cytokine response mea-
surements provide better correlation of vaccine
efficacy than do serum antibody levels [33].

A study of bacillus Calmette-Guérin tubercu-
losis vaccine in newborns measured intracellular
cytokine levels of IFN-y, IL-2, TNF-a, IL-4
and IL-10 in CD4* and CD8* T cells. Memory
phenotypes were further characterized with
CCR?7, CD45RA and CD27, in a panel includ-
ing IFN-y and IL-2. Both analyses used flow
cytometry. The authors noted diverse cytokine
repertoires, with some infants having cells that
produced mostly one of the measured cytokines,
while others had cells that produced mostly three
cytokines. In aggregate results, the data showed
multiple cell subsets as defined by cytokine pro-
files. Interestingly, for all donors (n = 29), more

Immunotherapy (2010) 2(6)

cells expressed TNF-o and/or IL-2 than IFN-y
alone. The authors commented that measuring a
single cytokine such as IFN-y does not properly
characterize the magnitude or the complexity
of the immune response [28]. Multiple studies
suggest that such multiparameter cytokine pro-
files may prove to be an important indicator of
immune response [27.34.35].

In summary, a variety of platforms can be used
to monitor cytokine profiles during immuno-
therapy. The applications discussed above illus-
trate larger studies, both in terms of number of
donors and number of analytes. While multiplex
assays allow interrogation of a large number of
analytes using a small sample volume, the results
are not specific to a particular cell lineage unless
specific cells were selected as part of the protocol.
In contrast, flow cytometry assays support the
simultaneous identification of lineage pheno-
types, sublineage phenotypes such as memory
and effector T cells, and correlated intracellular
cytokine production at a single-cell level.

Experimental design
Control constructs

In the studies reviewed here, there were five main
approaches to defining control populations or
samples. They were comparing donors with
disease to healthy controls [25,36,37], comparing
donors with one disease to donors with another
disease [38.39], comparing donors with one dis-
ease state to another (e.g., stable disease to pro-
gressive disease) [25,32], comparing pre-treatment
readouts to post-treatment readouts [40-42], and
using the individual donor as his or her own
control over three or more time points [43].

Defining the readout
In general, the readout for liquid-phase assays
such as ELISA, Luminex and CBAs is a measure
of concentration, such as picograms per milli-
liter (pg/ml). Some authors reported the mean
of duplicates [44,45]. Others reported a ‘baseline-
subtracted’ value, such as cytokine concentration
in response to sample stimulation with antigen,
after subtraction of the background level in a
parallel unstimulated culture [46]. In a combina-
tion of these two approaches, Ovsyannikova and
colleagues performed triplicate measures both
prior to stimulation and after stimulation, report-
ing a single readout based on median of stimu-
lated minus median of unstimulated [47]. In ICS
assays, readouts can be reported as the percent-
age of responding cells or the absolute number
of responding cells. Some authors subtracted the
corresponding response in negative controls [27].

fsg
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Positive cutoffs

Using a stringent definition for positive readouts,
Kimura ez al. compared their one patient with
Neuro-Sweet disease to 21 controls having other
neurological disorders. They considered a read-
out positive if it exceeded the mean plus three
standard deviations (SD) of the readout in the
control group [39]. At the other end of the spec-
trum, Dhiman and colleagues defined positive
as simply the post-treatment value exceeding the
pre-treatment value [9]. Svane e a/. defined positive
responses as greater than two times the pre-vaccine
level [15]. Yuan ez al. defined positive as at least
one post-therapy sample being greater than three
times the corresponding pre-therapy sample, and
consisting of at least 0.1% of responding cells [48].
Similarly, Horton ez a/. defined a cytokine response
as positive if the antigen-specific response was at
least three times greater than the negative con-
trol, and at least 0.05% above that control [49].
Comin-Anduix et al. argued that immunological
response should be determined in one of two ways,
either donor-specific movement from below the
lower limit of detection (LLD) to above the LLD,
or movement beyond an assay-specific reference
change value for those donors whose baseline
measurement was above the LLD [s0]. Collectively,
these works demonstrate that there are multiple
approaches to defining control populations, assay
readouts and positive immune response that can
be employed depending on experimental design
and the questions being asked in the study.

Assay optimization, standardization
& variability

A number of studies have addressed the topics of
assay development, optimization and standardiza-
tion [16,31,49,51-54]. In addition, the MIATA Project
(Minimum Information About T cell Assays) isan
effort to articulate and encourage the capture of
information required for the objective assessment
of the quality of such assays [s5]. Taken together,
these works provide a valuable body of literature
for anyone wanting to optimize and validate a
multiparameter cytokine monitoring assay.

In a study of reliability and reproducibility
of a multiplex assay for cytokine measurements,
de Jager et al. showed that while cytokine mea-
surements are stable for up to 2 years when stored
at-80°C, they do not remain stable after repeated
freeze—thaw cycles [16]. Liu et a/. demonstrated
that simultaneous detection of 17 cytokines in
undiluted whole blood is a viable approach to
detecting immune status. They showed kinet-
ics and dose-dependent effects of three differ-
ent immunosuppressants on multiple cytokines.

future science group
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They also showed that different immunosuppres-
sants drive distinct cytokine profiles. In addition,
they suggested that an assay using undiluted
whole blood better mimics the 77 vivo environ-
ment than assays involving isolation and culture
procedures [31]. However, other researchers have
shown that IFN-y readouts, as measured by flow
cytometry, are higher in peripheral blood mono-
nuclear cells (PBMCs) than in whole blood,
perhaps because whole blood contains plasma
proteins that may interfere with antigen uptake
or MHC loading [s6]. Other authors discussed
multicenter efforts to harmonize ELISPOT
results [53,54].

Nomura and colleagues provided a detailed
yet easy-to-read discussion of the issues and
strategies involved in developing multipara-
meter ICS assays [s1]. Maecker ez a/. discussed
cross-site reproducibility of such assays [52]. Both
studies demonstrated that the use of lyophilized
reagents can reduce variability due to reagent
batch and/or reagent deterioration. In addition,
inter-operator variation in gating can be reduced
by having a single operator perform all gating.
Using centralized single-operator gating and
lyophilized reagents, inter-laboratory coefficients
of variation (CVs) were less than 20%, even for
relatively low response levels (e.g., 0.1-1.5% of
cytokine positive CD4* or CD8* cells) [s2].

Horton ez al. detailed the validation of an
eight color ICS assay that simultaneously mea-
sured IFN-y, IL-2, IL-4 and TNF-a by CD4*
and CD8* T cells. They considered such fac-
tors as linearity, precision, sensitivity, specific-
ity and detection limits per FDA Center for
Drug Evaluation and Research guidance on
Bioanalytical Method Validation. Their assay
was organized into sets of steps, each of which
could be completed within an 8-hour workday.
One particularly important finding was that
using a viability dye avoids the overestimation of
antigen-specific immune response. In addition,
they captured inter- and intra-sample, inter-day
and inter-operator CVs. They defined the limit of
quantification (LOQ) of their assay as the low-
est frequency of antigen-specific T-cell response
for which the CV was 30% or less. These LOQs
ranged from near zero to 0.08% [49].

One recommendation of the International
Society for Biological Therapy in Cancer—FDA
taskforce on immunotherapy biomarkers was that
analytical variation of an assay should be deter-
mined and that CVs should be reported [57.101].
Another working group commented that the
maximum justifiable amount of sample should
be collected to permit retesting [11]. However,
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it is often the case that small sample size lim-
its the amount of possible repeat testing. This
problem can be addressed in part by the inclu-
sion of standardized, validated performance
controls with the analysis of each set of patient
samples. Frozen defined serum or culture media
analyte standards can be employed in ELISA
and CBA assays, while cryopreserved cells with
known stimulated cytokine expression profiles
can be used as standardized performance con-
trols for ICS assays. Reasonable and expected
results from such performance control samples
minimally confirm that the assay was run repro-
ducibly and meets the established criteria for an
accurate assay performance. Clearly, calculating
and understanding assay precision is essential to
understanding positive responses.

While the articles discussed above specifically
address assay optimization and standardization,
some traditional research studies mention and/or
try to control factors that can impact variabil-
ity. Diurnal effects, absolute cell count and the
kinetics of cytokine production can all impact
assay variability. One study noted that the
majority of samples were taken between 8 a.m.
and 9 a.m. [44]. Another study, which measured
cytokines in cerebrospinal fluid, noted that the
concentration of the cytokines was correlated
with absolute cell count [39]. Suntharalingam
et al. showed the kinetics of nine cytokines
over a 5-day period after infusion of anti-CD28
monoclonal antibody. Median levels of all cyto-
kines peaked within 24 h [19]. Strong responses
associated with immunotherapeutic vaccines
may take longer to develop. Carbone ez al. doc-
umented that IFN-y responses of one patient,
after repeated immunization with p53- and
K-ras-derived peptides, were barely detectable
at weeks 0 and 3, but peaked at week 14 [ss].

Physiological variability

While we did not specifically research donor-
level characteristics that were likely to influence
cytokine production, we did encounter a number
of results that could be interpreted to influence
donor variability. Some of these characteristics
are unlikely to change dramatically during
immunotherapy (genetic background, gender
and age) while others are more likely to change
during immunotherapy (stress and cachexia).
These characteristics are discussed below.

Gender
One study reported higher spontaneous IFN-y,
higher cytomegalovirus (CMV)-specificIL-2 and
lower influenza A-specific TNF-a production

Immunotherapy (2010) 2(6)

in CMV-seropositive women (n = 29) than
CMV-seropositive men (n = 21), as measured
by ELISA in PBMC supernatants [59]. Another
study presented gender-related patterns in urine
cytokine levels in kidney transplant recipients
with urinary tract infections [60]. Hahn e a/.
noted a significant difference in freedom from
rejection of renal allografts between TNF-o high
and TNF-a low genotype males, with no such
difference for females [61]. The authors speculated
that the hormones that predominate in females
might have mitigating effects on TNF-a produc-
tion, or that those that predominate in males may
have exacerbating effects.

Age
Multiple studies discussed differences in cyto-
kine production associated with donor age.
Shurin et al. provided a comprehensive analysis
of 30 cytokines in 397 healthy donors, rang-
ing in age from 40 to 80 years [62]. Finnerty
et al. studied longitudinal cytokine production
in pediatric and adult burn patients, identify-
ing multiple statistically significant differences
between children and adults, and different
kinetics between the two cohorts [13]. Bernstein
et al. noted that 13% of elderly patients (approxi-
mately 80 years of age) did not produce detect-
able levels of IL-6, IL-10 or IFN-y before or after

influenza vaccination [10].

Genetic background: HLA
In two papers based on samples collected
from 738 children who had been vaccinated
for rubella, Ovsyannikova and colleagues dis-
cussed associations of cellular immune response
with HLA class I and II alleles [47], and HLA-
based haplotypes [63]. The authors measured
rubella-specific T cells based on IFN-y and
IL-10 ELISPOT, and the secretion of nine cyto-
kines (IL-2, IL-4, IL-5, IL-6, IL-10, IL-12p70,
IEN-y, TNF-a and GM-CSF) in PBMC cul-
ture supernatants by ELISA. They found strong
associations between multiple HLA-DQAI and
HLA-DQBI alleles and IL-2, and suggestive
relationships between HLA-A, HLA-B and
HLA-C alleles and TNF-a [47]. Using inferred
HLA-based haplotypes, they identified potential
associations with IL-10 ELISPOT counts and
I1L-2,IL-10, TNF-0 and IL-6 secretion [63]. In a
study of five cytokines in systemic lupus erythe-
matosus (SLE), Gémez and colleagues observed
that cytokine monitoring results might be more
informative if genetic background were taken
into account, since other studies have shown
that patients with the HLA-DR*03, HLA-B*08
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and HLA-A*01 (3.8.1) haplotype tend to be
high producers of TNF-a and IL-10 [64]. Taken
together, these papers suggest that HLA genetic
profiles and haplotypes may influence cyto-
kine responses to immunotherapy. In addition,
HLA was specifically mentioned by the MIATA
project as being information that should be
collected [55].

Genetic background: cytokine

gene polymorphisms

Multiple articles published in 2000 and 2001
examined the association of cytokine gene poly-
morphisms with post-transplantation outcomes.
Allelic variations in TNF-a, IFN-y, TGF-BI,
IL-16 and IL-10 were studied in 56 pediatric
liver transplant recipients [65]; TNF-o, IFN-y,
IL-6, IL-10 and IL-4 receptor-a in 120 renal
transplant recipients [61]; and TNF-a, IFN-y,
TGF-B and IL-10 in 101 kidney or simultane-
ous kidney—pancreas recipients [66]. The TNF-a
phenotype correlated with low TNF-o produc-
tion was protective in both kidney and kid-
ney—pancreas transplant recipients [61.66], and
was associated with successful withdrawal from
immunosuppression in pediatric liver transplant
recipients. Hahn er 2/ commented that the
association between the TNF-a high genotype
and graft outcome was not seen in recipients
of a HLA-DR matched allograft. They argued
that in this case, the recipient’s helper T cells
are less likely to become stimulated to produce
cytokines by proteins recognized as foreign,
and thus the impact of the genetic difference
is not manifested [61]. More recently, Lee and
colleagues studied single nucleotide polymor-
phisms (SNPs) in eight cytokine and cytokine
receptor genes (IL-1, IL-1R, IL-2, IL-4, IL-4R,
IL-10, TGF-B1 and IFN-y) in 170 patients with
colorectal cancer and 130 healthy controls. They
reported that IL-4R and TGF-B1 polymor-
phisms are associated with the risk of colorectal
cancer in a Korean population [67]. In a 2010
report of the immune responses of 738 children
to rubella vaccines, Dhiman et 4/. identified
SNPs and haplotypes in T7NFa/TNFRSFIB and
IL12B genes that are associated with modulated
immune responses to rubella vaccination [68].
Collectively, these studies suggest that cytokine
gene polymorphisms might be one source of
donor variability in cytokine production.

Cachexia, stress & sleep efficiency
Cancer cachexia is weight loss, anorexia and
loss of body cell mass in response to a malig-
nant growth. One study measured TNF-a,
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IL-6 and IL-1RA in cachectic cancer patients,
concluding that increases in TNF-o and IL-6
might be useful markers for the evaluation of
cachexia itself [69]. In addition, body weight was
one of five clinical factors predictive of survival
in a clinical trial of sipuleucel-T, an active cel-
lular immunotherapy for cancer consisting
of autologous dendritic cells that have been
pulsed ex vivo with a fusion protein [70]. In a
study of cytokine abnormalities in panic dis-
order and post-traumatic stress disorder, Hoge
and colleagues reported that 87% of anxiety
patients showed detectable levels of six of nine
proinflammatory cytokines compared with
only 25% of controls [44]. Another study noted
that greater sleep efficiency was correlated with
lower plasma levels of IL-6 in 74 women aged
61-90 years [71]. Thus, one might speculate
that donor-level characteristics such as weight
loss, stress or sleep efficiency that might change
during immunotherapy could have their own
associated impacts on cytokine profiles.

Data analysis & presentation

An appreciation of the repertoire of proven ana-
lytical techniques can aid in the interpretation
of data from cytokine monitoring studies. The
papers reviewed here presented numerical sum-
maries, graphical representations and inherently
multidimensional techniques encompassing
both data mining and statistical approaches. A
few of these techniques capture donor diversity.
Such techniques help to accommodate the inter-
donor variability discussed in the above section.
Importantly, the graphical technique used to dis-
play data can have a surprising impact on the
interpretation of the results. In order to illus-
trate this, we provide some specific examples of
graphical techniques and associated nuances.
In addition, we catalog the techniques used in
the literature summarized in Tasies 1 & 2. This
approach is intended to give readers a succinct
overview of current practices in data analysis and
presentation of cytokine profiles.

Numerical summaries
Some studies provided useful numerical sum-
maries of their data, thereby documenting repre-
sentative effect sizes, and potentially informing
sample size calculations for future work. Gémez
et al. showed means + SD for five cytokines,
measured by ELISA in serum collected from
52 SLE patients and 25 controls. The numbers
were also broken down by three different SLE
Disease Activity Index (SLEDAI) ranges [64].
Hoge et al. provided means + SD and medians
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for 20 cytokines in 28 post-traumatic stress
disorder patients and 28 age-matched controls,
in addition to 20 panic disorder patients and
20 age-matched controls. Cytokines were mea-
sured in plasma by Luminex [44]. Takahashi
et al. reported means = SD of 15 cytokines and
growth factors in 122 patients with psoriasis and
78 healthy controls. Cytokines were measured
in serum by ELISA [36]. Both Burgdorf and
Dehqanzada presented the median and range of 15
and 22 cytokines, respectively [25.32]. Collectively,
these studies provide valuable reference points for
future work.

Scatter plots, bar plots & box plots
To illustrate the differences between cohorts or
treatments for a single cytokine, authors used
scatter plots [33.38], bar plots [25,72] and/or box
plots [37.62]. Sets of multiple such plots show
the results for multiple cytokines but do not
address patterns of cytokine response at a donor
level. The type of graph used to display data
influences the interpretation of the results. To
illustrate this, a representative scatter plot, bar
plot and two box plots are shown in Ficure 1.
The data underlying the graphs is inspired by
results presented by Inagaki ez al. (38], although
the data shown here is artificial. Scatter plots
show one point for each sample, sometimes with
random horizontal offset (jitter) to minimize
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overplotting. In this example, there are so many
points near zero that overplotting still exists.
Both bar plots and box plots represent each
cohort with a single rectangle, coupled with
additional annotations to show features of the
population. In this case, the height of each bar is
the mean of the samples in the cohort, while the
error bars represent the 95% confidence interval
for that mean. Bar plots can also be used to
represent a single number, such as the response
level of one donor. In the box plot, the box rep-
resents the interquartile range (25th percentile
through 75th percentile) with a heavy line at
the median. In Ficure 1, Box rror 1, the whiskers
extend to the minimum and maximum val-
ues of the population. In Ficure 1, Box rior 2, the
whiskers extend to 1.5-times the interquartile
range, with the outlying points explicitly plot-
ted. The NIST/SEMATECH e-Handbook of
Statistical Methods provides additional infor-
mation on plot types, appropriate applications
and associated nuances [102].

Visualizing stratification & separation
Given the diversity of human responses, data
may suggest stratifying donors based on response
patterns. In looking at responses for one variable
at a time, scatter plots facilitate identification
of stratification within a cohort and separation
across cohorts. Bar plots obscure theses patterns,
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Figure 1. Graphic representations of the same data set. In the scatter plot, with one point per
sample, we can see that both Group A and Group B show stratification, perhaps into nonresponders
(the points in the large groups near 0) and responders. Additionally, the responders in Group B
generally show a much higher response than the responders in Group A. Unfortunately, neither the
stratification nor the separation are discernable in the bar plot. The separtion between Group A and
Group B is suggested by box plot 2. Both bar plots and box plots represent each cohort with a single
rectangle, coupled with additional annotations to show features of the population. In this case, the
height of the bar plot is the mean of the samples, and the error bars represent the 95% confidence
interval for that mean. In the box plot, the box represents the interquartile range (25th percentile
through 75th percentile). In box plot 1, the whiskers extend to the minimum and maximum values of
the population. In box plot 2, the whiskers extend to 1.5-times the interquartile range, with the
outlying points explicitly plotted.
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as shown in Ficure 1. In the scatter plot, we can
see that both Group A and Group B show strati-
fication, perhaps into nonresponders (the points
in the large groups near 0) and responders. In
addition, the responders in Group B generally
show a much higher response than the respond-
ers in Group A. Unfortunately, these insights are
not discernable in the bar plot or the box plots.
Bar plots aggregating cohort data (as opposed
to illustrating readouts at a donor level) were
used in 14 of the 38 (37%) publications summa-
rized in Tasies 1 & 2, and were the only graphical
technique used in six of the publications. Such
aggregate representations obscure both donor-
level detail and potentially important patterns
such as separation and stratification.

In studies in which only a fraction of the
patients respond to treatment, analytical tech-
niques that highlight intra-cohort stratification
are essential, since these observations could lead
to the ability to predict patients who are likely to
respond to a therapy [73]. Once such stratifica-
tion is identified, biobanked specimens from the
original study could be examined in an effort
to identify the underlying causes of response

Monitoring cytokine profiles during immunotherapy

stratification [74]. In summary, scatter plots allow
quick identification of stratification and separa-
tion of univariate data, and are thus an essential
tool in exploratory data analysis.

Longitudinal profiles
Longitudinal profiles are another useful graphi-
cal technique. These profiles can be presented at
a summarized or aggregate level, or at a donor
level either showing just one donor or overlaying
the results for multiple donors. As an example of
the three techniques, Ficure 2 shows three represen-
tations of the same data, consisting of three time
points for seven patients undergoing immuno-
therapy as previously described [75]. Ficure 24 is
an aggregate longitudinal profile showing the
cross-donor mean at each time point, with error
bars representing SD. Ficure 2B is an overlay of
individual donor profiles. This technique is
informally known as a ‘spaghetti plot.” Ficure 2C
shows data for each donor in its own subplot,
which is an application of the ‘small multiples’
technique [76]. The differences among donors
that are clearly visible in the overlay and small
multiples are not discernable in the aggregate
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Figure 2. Three styles of longitudinal profiles, consisting of three time points for seven
patients undergoing immunotherapy. (A) is an aggregate longitudinal profile showing the
cross-donor mean at each timepoint, with error bars representing standard deviations. (B) is an
overlay of individual donor profiles. (C) shows data for each donor (e.g., EAQ2) in its own subplot,
which is an application of the ‘small multiples’ technique. The differences among donors that are
clearly visible in the overlay and small multiples are not discernable in the aggregate profile.
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profile. However, neither the overlay nor the
small multiples format can clearly represent
differences among donors if there are hundreds
of donors in the study. The following sections
discuss applications of these three techniques.

Aggregate profiles

In the studies reviewed in Tasies 1 & 2, aggregate
longitudinal profiles were used to illustrate data
for upwards of five time points. Burgdorf et al.
presented data for five cytokines monitored in
14 donors with colorectal cancer receiving a
dendritic cell-based vaccine. Cytokines were
measured at five time points in plasma using
Luminex. Longitudinal profiles were shown
for two cohorts, those patients with progres-
sive disease and those with stable disease. Data
was presented as the median of the cohort.
Statistically significant differences, as computed
by the Mann—Whitney U test, were shown for
GM-CSF, TEN-y, IL-2, IL-5 and TNF-a. In
addition, numeric summaries of median and
range across all patients and all time points were
presented for 14 cytokines [32]. In a study of
pediatric and adult burn patients (n = 24 and
n = 25, respectively), Finnerty ez al. illustrated
longitudinal profiles for 22 cytokines for six
time points. Profiles were presented as cohort
mean + standard error of the mean. Statistical
differences were computed using Student’s
t-test. Data was collected from plasma samples
using a CBA. Surprisingly, the authors removed
outliers, defined as those observations outside
the mean + SD, from their analysis 13]. Krause
et al. also showed aggregate longitudinal profiles
for 43 recipients of autologous peripheral blood
stem cell transplants. Data for five cytokines, col-
lected from plasma using ELISA, was presented
as the median, and 15th and 85th percentiles
across six time points. Reference data from ten
healthy controls at a single time point was also
shown. Significant changes from one time point
to another were computed using a two-sided
Mann—Whitney U test. In addition, 22 different
leukocyte subsets, as measured by eight differ-
ent flow cytometry panels, were monitored [14].
While these aggregate profiles illustrate longitu-
dinal patterns for multiple cytokines, they mask
donor-level diversity and the possible existence
of meta-patterns common to multiple donors.

Overlay profiles

The inherent diversity in human populations is
perhaps the most intriguing and most frustrat-
ing part of studying human disease and immune
response. Several authors presented donor-level

Immunotherapy (2010) 2(6)

overlays showing changes of a particular read-
out for each and every donor. Christensen ez al.
presented such plots for nine cytokines expressed
pre- and post-treatment in the serum of 42
prostate cancer patients undergoing intensity-
modulated radiotherapy. Significant differences
were calculated using the Mann—Whitney U
test [40]. Takahashi ez a/. illustrated pre- and
post-treatment serum TNF-o and IL-10 levels
for six patients [36]. Svane et al. showed IFN-y
as measured by ELISA, for up four time points.
Data was collected from PBMCs of breast cancer
patients vaccinated with p53 peptide-pulsed den-
dritic cells 15]. Such overlays provide insight into
donor-level longitudinal patterns, and are legible
for a small number of donors. Unfortunately,
plots with 42 donors are difficult to interpret
due to overplotting.

Representative donor profiles

Hrouda et 4l. illustrated donor-level longitudi-
nal profiles of the percentage of cells express-
ing intracellular cytokine production of IFN-y,
IL-2 or IL-4 as measured by flow cytometry in
prostate cancer patients treated with heat-killed
Mycobacterium vaccae. Data was shown for up
to 17 time points [2]. Tan ez a/l. provided par-
ticularly elegant donor-level profiles integrat-
ing viral load, serum alanine aminotransferase
(ALT) and IL-10 across eight time points. In
addition, phases of disease and treatment (under
treatment, viral rebound and hepatic flare), as
defined by increasing or decreasing levels of viral
load and ALT, were captured in the profile. As
such, these graphs offered a ‘composite array of
immunological parameters’ [43]. In both of these
studies, longitudinal profiles of representative
donors were shown, in contrast to small multiple
representations of all donors. While the physical
space required to render profiles for all donors for
all time points for all cytokines generally exceeds
the space available in publications, inspection
of such profiles can be a valuable step in initial
exploration of the data. Thus, the techniques
that are useful for prepublication data analysis
may be different from the techniques that are
used in a formal written presentation

Polyfunctionality
The concept of polyfunctionality has been
applied in a number of studies using multipara-
meter flow cytometry to reduce and summa-
rize the data at a sample level [2734.35.48,77.78].
Essentially, multiple cytokines or other func-
tional parameters are measured, and readouts are
presented as the percentage of cells producing,
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for example, 5, 4, 3, 2 or 1 of the parameters.
Commonly, CD107a, IFN-y, IL-2, MIP1f and
TNF-o are measured [2734,77]. Multiple studies
demonstrated that HIV-specific CD8* T cells
of HIV nonprogressors tend to produce mul-
tiple analytes [3477]. Other studies suggested
that polyfunctionality is a correlate of vaccine-
mediated protection [27.35], while Yuan ez al.
showed that a CTLA-4 blockade increased
the polyfunctionality of NY-ESO-1-specific
T cells [48]. Often this polyfunctionality data
was illustrated using the software SPICE [103].
Ilustrations captured data for either a single
sample, or the mean of multiple samples. These
polyfunctionality studies offer an additional line
of evidence on the value of measuring multiple
cytokines simultaneously, since polyfunction-
ality has been shown to correlate with clinical
outcome or prognosis.

Donor-level data normalization

One approach that works well for mitigating
donor-level diversity while accommodating
multiple readouts is the creation of donor-level
profiles using normalized data [79.80]. Essentially,
for each donor, for each aliquot (e.g., time point
and ex vivo stimulation condition), all readouts
can be mapped onto a scale from 0 to 1, with
the highest readout being mapped to 1 and the
lowest to 0. The resulting data can be analyzed
with standard statistical techniques regardless of
the original magnitude of the readouts.

Multidimensional techniques
Studies that measure more than two or three
cytokines and more than two or three clini-
cal parameters across multiple patient cohorts
generally require multidimensional/multivari-
ate approaches to fully interrogate the data.
Techniques commonly used with microarray
data, such as heatmaps and clustering, can be
applied to cytokine data. A variety of general
machine learning and data mining techniques
and statistical models are also applicable. In
addition, multiple techniques can be chained
together in an analytical workflow or pipe-
line [45,80,81]. Software tools leveraged in the
articles reviewed here include R [s2], Matlab [s1],
Weka [81] and TIGR MEV [83]. R, TIGR MEV

and Weka are freely available online.

Microarray style techniques

In a study of cytokine secretion patterns of
human PBMC:s in response to stimulation with
Toll-like receptors (TLRs), Kattah ez a/. applied

an interesting data analysis approach [83]. First,
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to filter the readouts for 22 cytokines, they
used a standard microarray analysis algorithm,
2-class Significance Analysis of Microarrays,
which is available in the TIGR MEV pro-
gram [84]. This allowed them to identify six
cytokines that were differentially expressed in
response to TLR stimulation. Of these six, they
focused on five that were present at reasonably
high levels. Then, using all possible combina-
tions of these five cytokines (32 total), they
identified the combinations that led to I1L-17
production. In a different application of micro-
array style techniques, de Jager et /. and van
den Ham ez al. used heat maps and cluster anal-
ysis to illustrate differential cytokine profiles in
osteoarthritis and rheumatoid arthritis [16] and
in juvenile idiopathic arthritis (s2]. Thus, tech-
niques popularized to address the challenges
of microarray data analysis can be applied to
cytokine profile data.

Data mining techniques

Cruz and Wishart reviewed the application of
machine learning techniques such as artificial
neural networks (ANN) and support vector
machines (SVM) to cancer prediction and prog-
nosis [85]. In a study of 26 prostate cancer patients
vaccinated with irradiated allogenic cells, Michael
et al. employed multiple immune monitoring
assays including: cell surface phenotypes as mea-
sured by flow cytometry; proliferation in response
to tumor lysate, as measured by bromodeoxyuri-
dine (BrdUrd); nonspecific cytokine release in
response to stimuli including phorbol myristate
acetate, lipopolysaccharides and concanavalin A;
spontaneous cytokine release as measured with a
CBA; and expression of cytokines as measured by
real-time PCR. To analyze the resulting complex
multiparameter data set, they employed an ANN
that was able to identify responders with 84%
accuracy on test data. Interestingly, the optimal
set of input variables to the ANN included param-
eters measured by PCR, BrdUrd proliferation, cell
surface phenotype, and the CBA [86]. McKinney
and colleagues used a combination of statistical
techniques and machine learning techniques
(SVM, nearest shrunken centroid and decision
tree) to predict adverse events following small-
pox immunization. Input into their models was
serum expression levels of 108 protein analytes
as measured by a custom protein array (s1]. Thus,
there are a variety of data mining techniques that
can be applied to cytokine profiles. However, as
a whole, one weakness of these techniques is that
biological interpretation of the numerical results
may be difficult.
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Statistical models
The work presented by Casasnovas ez al. [45] and
Inagaki et al. (38] both apply classical statisti-
cal techniques to identify prognostic factors for
Hodgkin’s lymphoma and adule T cell leuke-
mia/lymphoma (ATLL), respectively. The first
study measured six cytokines and soluble recep-
tors in plasma of 519 patients and 32 healthy
controls recruited from 17 centers over a 4 year
period. The second study measured eight cyto-
kines in the serum of 94 ATLL patients and
50 healthy controls. Patients were diagnosed over
a 16 year period at one of two hospitals. Both
studies used Kaplan-Meir survival analysis and
Cox proportional hazard models. Both studies
also established analyte-specific cutoff values to
stratify patients in ‘high’ or ‘low’” groups, with
patients having one classification for each analyte.
From this type of analysis using standard statis-
tical models, Casasnovas ez a/. derived a 3-marker
prognostic index based on soluble CD30, IL-6
and IL-1RA, and stratified patients based on zero
to three positive markers [45]. 5-year overall sur-
vival for patients with no positive markers was
95%, dropping to 63% for those patients with
three positive markers. This approach is similar
to that used in diabetes autoantibody monitor-
ing [7.8). Hoge et al. also identified a multi-marker
signature (detectable levels of six of nine pro-
inflammatory cytokines) that was present in 87%
of anxiety patients but only 25% of controls [44].
In summary, standard statistical models can sup-
port the identification of multi-marker signatures
associated with clinical outcome.

Thinking multidimensionally

Taken together, this literature illustrates the
application of multidimensional analyti-
cal techniques to cytokine monitoring and
immunotherapy. One important aspect of these
techniques is that, for the most part, they are
extensible to tens or even hundreds of readouts,
with acceptable computational performance.
Thus they can readily be applied to data mea-
suring six or 60 cytokines. However, neither
reviews nor research articles are written with
the intent of providing a thorough background
on the algorithm, nuances and general applica-
bility of a particular technique. The successful
application of a published approach to a new
data set requires the willingness to thoroughly
understand the technique and/or collaboration
with appropriate experts. Likewise, experts in
analytical approaches are better able to design
analytical strategies if they are conversant in the
biology associated with the data.

Immunotherapy (2010) 2(6)

Additionally, both statistical and data mining
approaches may generate results that are numeri-
cally correct, but biologically uninterpretable or
unbelievable. A straightforward example of this
phenomenon is when a simple statistical test such
as Student’s t-test shows a significant difference
between two populations, but the numerical dif-
ference between the means of the populations is
too small to be considered biologically relevant.
Therefore, the multidimensional techniques
discussed here are best described as ‘potentially
useful.” On the other hand, traditional univari-
ate techniques alone are often unsatisfying for
this multivariate data.

In summary, to successfully analyze and inter-
pret the results of large-scale multi-time point,
multi-analyte and potentially multi-platform
monitoring studies, we must be prepared to
apply and compare a variety of analytical tech-
niques. In this way, over time, we can build our
repertoire of proven techniques. Furthermore,
given the significant biological diversity that
exists in human donors, we need to specifically
seek out and develop more approaches that allow
each donor to be his or her own control.

Conclusion & future perspective
The cytokine response to immune stimulation is
complex and multifaceted. Different cytokines
have different roles and kinetics depending on
the microenvironment. Furthermore, the physio-
logical diversity of human populations adds to
the complexity of monitoring cytokine profiles
in response to immunotherapy. However, the
body of literature reviewed here provides a solid
foundation for designing increasingly sophisti-
cated studies. The literature on assay optimiza-
tion and standardization provides both valuable
insights for controlling variability and helpful
guidance for researchers wanting to optimize and
standardize assays for their projects. In addition,
the use of assay performance controls helps to
characterize assay reproducibility and precision.
The studies using multiplex assays docu-
ment the value of such assays and the numeri-
cal ranges of response under a variety of condi-
tions. Future studies might combine multiplex
assays with other procedures to create highly
informative multipart assays for more definitive
assessments of immune response. For example,
since multiplex assays support the simultane-
ous analysis of 10-50 analytes, such assays
can be used to screen samples for differentially
expressed cytokines. Further analysis to isolate
the cytokine signal to particular cell subsets
can be accomplished through a combination of
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magnetic bead separation [87] and ICS combined
with multiparameter cell surface phenotyping.
Another approach is the initial separation of rare
cell populations using polychromatic (5 to 15
color) flow cytometry. Once isolated, these pop-
ulations can be subjected to ex vivo stimulation,
with the resulting supernatant interrogated with
a CBA.

Computational tools and techniques popu-
larized and made readily available to address
the challenges of microarray data offer a start-
ing point for rich multidimensional analysis. In
addition, data mining and multivariate statisti-
cal techniques may provide valuable insight. The
literature reviewed here provides representative
examples of applications of such tools. That said,
we need additional analytical techniques that
support the gleaning of meaningful biological
insights from complex cytokine data sets, that

Overview of monitoring

Monitoring cytokine profiles during immunotherapy

help us to think multidimensionally, and that
allow us to treat each donor as his or her own
control. We also need more longitudinal stud-
ies of healthy controls so that we have a better
sense of normal changes over time. In conclu-
sion, with appropriate attention paid to details
of assay optimization, donor-level diversity and
multidimensional data analysis, monitoring
cytokine profiles during immunotherapy offers
great potential for innovation and discovery.
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The existing literature inspecting cytokine profiles can be divided into ‘measurement’ studies and ‘monitoring’ studies. Measurement
implies that observations are taken at a single time point, while monitoring implies at least two time points.
Long-term large-scale monitoring studies in autoimmunity provide insight into what is possible.
Large studies of immune response associated with infectious disease vaccinations provide a sense of range of responses.

Cytokine milieus
While convenient, the Th1/Th2 distinction oversimplifies the complex nature of cytokine signaling.

Platforms for monitoring cytokine profiles
Platforms for monitoring cytokine profiles include ELISA, ELISPOT, multiplex assays such as Luminex or cytokine bead arrays, intracellular
cytokine flow cytometry and gene expression platforms.
Multiplex assays enable the measurement of 10-50 cytokines and chemokines.

Experimental design
Control constructs include comparing donors with disease to healthy controls, donors with one disease to donors with another disease,
pretreatment readouts to post-treatment readouts, and using the individual donor as his or her own control.
Reported readouts include: original assay data, such as picogram/milliliter; the mean or median of replicate measurements; background-
subtracted values such as stimulated readout minus a comparable unstimulated readout; or a combination thereof.
Positive responses have been defined as post-treatment value exceeding pretreatment value, post-treatment greater than two or three
times the pretreatment value, or the mean plus three standard deviations of the readout in a control group.

Assay variability
A valuable body of literature addresses assay optimization, validation and standardization.
Additional factors that effect assay variability are mentioned in some studies. Such factors include diurnal effects, absolute cell count
and kinetics.

Physiological variability
Donor-level characteristics likely to remain relatively unchanged during therapy include gender, age and genetic background.
Donor-level characteristics that might change during therapy include cachexia, stress and sleep efficiency.

Data analysis & presentation
In general, data presentation consists of standard population-level numeric summaries such as mean, range and standard deviation;
or standard graphical techniques such as scatter plots and box plots.
Some studies present longitudinal profiles or time series graphs, either at a summarized level or at a donor level. The donor-level profiles
are particularly useful as they allow each donor to serve as his or her own control.
Multidimensional analytical techniques, such as those developed specifically to analyze microarray data or general-purpose data mining
techniques, are occasionally used.

Conclusion & future perspective
The existing literature provides a solid basis for future studies.
Multiplex assays, coupled with increasing availability of multidimensional analytical tools, facilitate the study of a complex cytokine
response to immune stimulation.
We need to improve our tools and skills for thinking multidimensionally.
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