1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Clin Immurol. 2011 October ; 141(1): 67-72. doi:10.1016/j.clim.2011.05.008.

Assessing Immune Function by Profiling Cytokine Release from
Stimulated Blood Leukocytes and the Risk of Infection in
Rheumatoid Arthritis

Megan L. Krausel, John M. Davis IlI1, Keith L. Knutson?, Michael A. Strausbach?, Cynthia
S. Crowsonl4, Terry M. Therneau?, Peter J. Wettstein3, Eric L. Matteson:®, and Sherine E.
Gabriell

IDivision of Rheumatology, Department of Medicine, College of Medicine, Mayo Clinic,
Rochester, Minnesota, USA.

2Department of Immunology, College of Medicine, Mayo Clinic, Rochester, Minnesota, USA.

3Department of Surgical Research, College of Medicine, Mayo Clinic, Rochester, Minnesota,
USA.

4Division of Biomedical Statistics and Informatics, College of Medicine, Mayo Clinic, Rochester,
Minnesota, USA.

SDivision of Epidemiology, Department of Health Sciences Research, College of Medicine, Mayo
Clinic, Rochester, Minnesota, USA.

Abstract

Persons with rheumatoid arthritis (RA) suffer a high burden of infections, but currently no
biomarkers are available to identify individuals at greatest risk. A prospective longitudinal study
was therefore conducted to determine the association between the responsiveness of ex vivo
cytokine production and 6-month risk of infections. Infections were identified by billing codes and
validated by medical record review. At baseline, the release of 17 cytokines by peripheral blood
mononuclear cells in response to stimulation, or media alone, was measured using multiplexed
cytokine analysis. Production of IL-2, IL-8, IL-10, IL-17, TNF-a, IFN-y, and GM-CSF, induced
by various conditions, was significantly associated with the occurrence of infections. A
multivariable prediction model based on these data provided new information on the risk of
infection beyond standard assessments of disease activity, severity, and treatment. Future studies
could utilize this information to devise new biomarkers for the prediction of infection in patients
with RA.

Keywords
Immune signature; immune response; peripheral blood mononuclear cells

© 2011 Elsevier Inc. All rights reserved.

Corresponding Author: John M. Davis, 111, M.D. Mayo Building, E-15, 200 First St. SW, Rochester, MN 55905, Phone (507)
284-1625, Fax (507) 284-0564, davis.john4@mayo.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Krause et al. Page 2

1. INTRODUCTION

Patients with rheumatoid arthritis (RA) suffer higher rates of infection than individuals
without the disease [1]. The impact of RA on mortality is profound with an estimated 15—
20% reduction in lifespan. Infection is a major cause of mortality in these patients, ranking
in importance only behind cardiovascular disease in population-based studies [2]. The
higher rates of infection are not explained by the use of immunosuppressive medications
alone [3, 4]. The disease itself likely plays a key role in the infection risk, with multiple
alterations in the immune system potentially affecting the ability to ward off infection [5].
Currently, there is no way to predict if certain subgroups of patients are at greater risk of
infection. Existing clinical and laboratory assessments have limited predictive value for this
purpose. If a higher risk of infection could be anticipated, this would potentially enable more
informed use of disease modifying antirheumatic drugs (DMARDs), antibiotic prophylaxis,
antiseptic strategies, and monitoring appointments to detect infection early.

Assessing the functional characteristics of the immune system might be useful to identify
predictors of infection because these characteristics are expected to confer relative
advantages or disadvantages in fighting infection. One technique to evaluate immune
function is to activate in an ex vivo manner T, B, and myeloid cells using known stimulants
[6]. Responses to stimulation can then be monitored by measuring the production of
multiple cytokines to create an immune response profile, or immune signature, which is
likely to be unique for every individual based on genetic, epigenetic, and environmental
factors. Distinct immune signatures may reveal an advantage or disadvantage in host defense
against infection, thus potentially enhancing diagnostic evaluation, prognosis, and
monitoring of response for patients with RA undergoing immunosuppressive therapy. This
prospective longitudinal study sought to identify stimulant-cytokine combinations that could
predict short term infection risk within six months.

2. MATERIAL AND METHODS

2.1 Study design

We conducted a prospective, population-based cohort study of patients with RA residing in
Olmsted County, MN who were prospectively recruited from 2006-2009 using the resources
of the Rochester Epidemiology Project (REP) [7]. This records linkage system enabled us to
review the entire medical history for subjects who sought medical attention in both inpatient
and outpatient settings throughout Olmsted County. All patients were greater than 18 years
old and met the American College of Rheumatology (ACR) criteria for classification of RA
[8]. From this cohort, 267 of 475 eligible subjects alive and residing in Olmsted County,
Minnesota, were recruited. In the context of a study of cardiovascular disease in RA,
investigators previously measured ex vivo cytokine production from peripheral blood
mononuclear cells (PBMC) in these participants [9]. Other characteristics of these patients
were previously known from their participation in this study including age, gender, serologic
status (rheumatoid factor [RF], anti-citrullinated protein antibodies [ACPA]), C-reactive
protein (CRP), erosion status, functional status (using the Health Assessment Questionnaire
[HAQ]), corticosteroid use, non-steroid anti-inflammatory (NSAID) use, and DMARD use.
IRB approval was obtained from Mayo Clinic and Olmsted Medical Center. All participants
provided written consent authorizing review of their medical records for research purposes.

2.2 Infection identification

Incident infections were identified first using International Classification of Diseases
Version 9 (ICD-9) diagnostic codes for infections followed by validation with medical
record review. The time period of the study included six months following index blood
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sampling. Infections were identified for the following systems: respiratory, skin/soft tissue,
joints/bone, gastrointestinal, and urinary.

Infections were validated using prior definitions [1]. Bacteremia/septicemia required
positive blood culture with fever >38°C. Pneumonia required new infiltrates, consolidation,
or effusion on chest x-ray with suggestive clinical presentation. Both upper and lower
respiratory infections were based on clinical diagnosis; upper respiratory infections were
included based on the high level of overlap and heterogeneity of physicians’ diagnosis of
upper versus lower respiratory infections. Septic arthritis required isolation of an organism
from joint aspirate fluid with suggestive clinical presentation. Osteomyelitis was supported
by definitive radiologic findings or bone culture in the setting of suggestive clinical
presentation. Acute gastroenteritis and intra-abdominal infections including acute
cholecystitis, ascending cholangitis, suppurative appendicitis, and peritonitis required
appropriate clinical presentation. Urinary tract infections were based on clinical presentation
since so few urine cultures are obtained as part of the routine triage protocol for symptoms
suggestive of urinary tract infections.

2.3 PBMC isolation and stimulation

The methods used in this study to induce immune responses of PBMC were recently
described [6]. Blood samples were obtained from all patients, and PBMC were isolated
using Ficoll density gradients. PBMC were immediately cultured in the presence of a panel
of six stimuli or in media alone for 48 hours. The stimuli included anti-CD3 and anti-CD28
(«CD3/28) (Dynabeads® Human T-Activator, Invitrogen, Carlsbad, CA),
phytohemagglutinin (PHA) (Sigma, St. Louis, MO), Staphylococcus enterotoxin A (SEA)
and Staphylococcus enterotoxin B (SEB) (Toxin Technology, Sarasota, FL),
cytomegalovirus/influenza lysate (CMV/EBV) (Advanced Biotechnologies, Columbia,
MD), bacterial CpG oligonucleotides, phorbol myristate acetate and ionomycin (PMA/
ionomycin) (Sigma, St. Louis, MO), and control with media. The final concentrations of
stimulants were aCD3/28 0.5 x10° beads per culture well (1:1 ratio of beads to PBMC per
manufacturer instructions), PHA 5 pg/ml [10], Staphylococcus enterotoxin A 10 ng/ml with
Staphylococcus enterotoxin B 10 ng/ml [11], CMV 1 pg/ml with EBV 1 pg/ml [12], CpG 10
pg/ml [13], HSP60 1 pg/ml [14], and PMA 1 pg/ml with ionomycin 700 ng/ml [10].

2.4 Multiplexed cytokine analysis

Seventeen cytokines were measured in the PBMC culture supernatants for each stimulation
condition: IL-1, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-12, IL-13, IL-17a, TNF-a,
IFN-y, MCP-1, MIP1p, G-CSF, and GM-CSF. A customized platform was used with
measurement of cytokines with a Sector 2400 instrument (Meso Scale Discovery,
Gaithersburg, MD). The inter-assay variability was low relative to the high biologic
variability [6].

2.5 Statistical Analysis

For the descriptive statistics of baseline characteristics, continuous variables were described
using mean + standard deviation (SD) and categorical variables were described with
percentages. Mixed effects models were used to normalize log-transformed cytokine
concentrations, including fixed effects for age and sex and random effects for subject and
plate [6]. Differences between the groups were tested using the mixed models and 1 degree
of freedom tests. A profile was selected by identifying cytokine-stimulation combinations
with significant differences between the groups of patients who did and did not experience
infections at the level of p<0.05. For cytokines with significant differences for more than
one stimulus, the condition with the most significant p-value was selected. As previously
described, a multi-cytokine prediction score was created by transforming the differences
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between patients with and those without infection to the Z-distribution, and summating the
scores while accounting for directionality [6]. Multivariable logistic regression assessed the
association of the score with the risk of infection.

3. RESULTS

3.1 Characteristics of the patients

Among 267 subjects with RA who were recruited for the study, 28 individuals experienced
one or more infections during the six months following the date of the index (i.e. baseline)
blood sample. The subjects that experienced infection had similar characteristics at baseline
as compared to the subjects that had no evidence of infections (Table 1). The HAQ disability
index was the only significant predictor of infection (p= 0.007). In addition, both the
duration of RA and the use of methotrexate demonstrated trends toward significance
(p=0.08). The use of other medications including corticosteroids, NSAIDs, other DMARDs,
and specifically anti-TNF agents were not statistically different between the two groups.

3.2 Infection incidence

Among the 28 individuals, there were a total of 38 separate infections. Urinary tract
infection was the most common type of infection representing 37% of all infections. This
was followed by skin and soft tissue infections (24%) and pneumonia (21%). Less common
were upper respiratory (16%) and gastrointestinal (2%) infections. There were no diagnoses
of bacteremia, osteomyelitis, or septic arthritis.

3.3 A profile of ex vivo cytokine release predicts the 6-month risk of infections

The levels of seven different cytokines with five different stimulation conditions measured
at baseline showed statistically significant differences between patients who did not develop
infections and those who did (Table 2 and Figure 1). Of the total 136 stimulant-cytokine
combinations, 7 showed statistically significant differences between the groups: IL-2 in
response to PMA/ionomyecin, IL-10 in response to PMA/ionomycin, IL-8 in response to
anti-CD3/anti-CD28, TNF-a in response to CMV/EBV, IFN-y in response to PHA, GM-
CSF in media alone, and IL-17 in media alone. Higher levels of TNF-a, IFN-y, IL-17, IL-8,
and GM-CSF were associated with infection risk. In contrast, lower levels of IL-10 and IL-2
were associated with risk of infection.

3.4 A multi-cytokine score to predict incident infections

The seven cytokine-stimulus combinations were utilized to develop a multi-cytokine
prediction score including IL-2:PMA/ionomycin, IL-10:PMA/ionomycin, IL-8:anti-CD3/
anti-CD28, TNF-a:CMV/EBV, IFN-y:PHA, GM-CSF:media alone, and IL-17:media alone.
The resulting score was significantly different between the RA groups that did and did not
develop infection (Figure 2). A multi-cytokine score of =50 at baseline was associated with
higher 6-month risk of infection with an odds ratio of 2.6 (95% CI 1.05 to 6.3, P=0.039),
after adjusting for age, sex, the HAQ disability index and use of methotrexate at baseline.

4. DISCUSSION

This is among the first prospective longitudinal studies to identify predictors of infection in
RA by assessing the function of the innate and adaptive immune systems. We observed that
the production of seven cytokines by PBMC in response to various stimuli was associated
with the 6-month risk of infection in patients with RA. A multi-cytokine score summarizing
this data was found to be predictive of incident infection at six months. Importantly, this
score provided information above and beyond the baseline markers of disease activity,
severity, and use of RA drug therapies. The main contribution of this study is that immune
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function measures could be useful in the identification of patients at increased short-term
risk of infection.

While at the population level it is known that patients with RA have increased risk of
infection compared to the general population, it is unknown how to translate this risk to an
individual patient [1]. This can be explained in part by our current inattention to the
functional aspects of the immune system likely to be important in host defense against
infection. The pathogenesis of RA involves multiple derangements of the immune system
and is not captured by a single cell type or cytokine. An example of the diversity of these
alterations is the polarized immune response of IFN-y producing T cells in RA; inflamed
synovium has increased IFN-y levels while the peripheral blood has reduced IFN-y levels
[15, 16]. The impaired ability of RA lymphocytes to respond to novel antigens is one
mechanism thought to derail host defense [17]. The diversity of stimulus-cytokine
combinations incorporated in our approach reflects the broad involvement of innate and
adaptive immunity in the pathogenesis of RA.

Previous studies have evaluated cytokine response profiles in other patient populations.
Consistent with the findings of this study, TNF-a was positively correlated with infection
risk [18]. Conflicting associations of IL-10 with infection risk have been reported [19, 20].
We showed an association between increased IFNy and increased infection risk. This finding
contrasts earlier reports that higher IFN-y is associated with reduced numbers of infections
[21-23], possibly reflecting differences in the stimulation technique or the study
populations. These contradictory results highlight the necessity of evaluating multiple, rather
than just single cytokines, which may provide the most accurate assessment of infection risk.
The overlap of cytokine roles is accounted for in statistical analysis and in previous studies
has used different techniques [24, 25]. Our study utilized a predictive score in attempt to
summarize the effects of multiple cytokine pathways and demonstrate the information
gained above and beyond usual clinical assessments.

This study has limitations. The number of infections was small, limiting our statistical power
to identify all potential immunological predictors of infection. Although the infection types
were heterogeneous in the pathogenic microorganisms as well as organ system involvement,
we anticipated that common immunological characteristics could be identified underlying
the risk of many infections. A limitation of this study was that infection data was identified
by medical record review. Treatment with conventional and biologic DMARDs was
examined as a key confounder, but the short-term observational study design and small
sample size precluded full understanding of treatment effects on infections. Because not all
eligible subjects in our cohort participated, there is the possibility that patients with more
severe disease —who could be at higher risk of infections—were not included, potentially
biasing our results [9]. However, the inclusion of such individuals with severe illness would
potentially have resulted in even more robust differences between the groups with and
without infections during follow-up.

Despite the limitations, there are several important strengths that contribute to the
confidence of this approach. The unique capabilities of the Rochester Epidemiology Project
enabled us to prospectively ascertain incident infections in a population-based cohort design.
While minor infections that did not require medical attention were not captured in this study,
serious infections were likely ascertained in completion. This underscores the benefits of the
Rochester Epidemiology Project, which facilitates access to all data for emergency room
visits, hospitalizations, and outpatient appointments [7]. The innovation of this study is
supported by the assessment of dynamic immune function with cell-based stimulated
cytokine assays as opposed to serum biomarkers. This study was one attempt to identify
changes in immune function that might predispose certain patients with RA to infection. For
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this to be clinically useful the technique would need to be easily reproducible in clinical
laboratories, so we are taking steps to enhance the standardization and reproducibility of the
developed assays. We have reported data that suggest this cell-based approach offers
potentially lower variability than comparable approaches using serum samples [6].

In summary, we report the findings of a pilot study that represents one step toward a risk
assessment tool for predicting infections that could be useful in personalized management
strategies for RA. This would have implications for the selection of therapies, monitoring for
early signs and symptoms of infection, and potentially for antimicrobial prophylaxis. It is
foreseeable that the ability to predict and prevent infections could markedly reduce
morbidity and mortality in individuals with RA. The new findings of this study also should
inform future research into the mechanisms underlying aberrant immune function that might
contribute to the high burden of infections in patients with RA.

Research Highlights
We studied immune response profiles as predictors of infection in rheumatoid arthritis
patients.

Profiles were defined by measurement of cytokine production from stimulated blood
leukocytes.

A 7-cytokine profile was predictive of incident infection at 6-months of follow-up.

This profile conveyed new information on infection risk beyond standard assessments.
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Figure 1. A signature of ex vivo cytokine release from PBMC in response to stimulation is
associated with the 6-month risk of infection in patients with rheumatoid arthritis

Fold change ex vivo cytokine production in those who developed infection compared to
those who did not develop infection. The Y axis represents the fold change in stimulated
cytokine values. The squares represent the point estimates with the vertical bars representing
the 95% confidence intervals.
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Figure 2. A multi-cytokine immune response score is associated with the 6-month risk of

infections in patients with rheumatoid arthritis

The information in the seven stimulus-cytokine combinations (see Figure 1) was
summarized as a multi-cytokine prediction score. The distributions of this score for the
groups that did and did not experience infection at 6 months are shown as box plots: the
boxes represent the interquartile ranges; the horizontal bold lines depict the medians; the
circles show the means; the vertical lines outside the boxes represent the range of the data
extending to a maximum length of 1.5 times the interquartile range; and the dots indicate

data points outside this range.
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Characteristics of the patients at baseline according to the occurrence of infections at six months of follow-

*

up.
No infection  Infection

Variable (N=239) (N=28) P-value
Age, years 61.0+136 609+124 096
Female 176 (74%) 23 (82%)  0.29
Duration, years 9.9+6.8 7.3+53 0.05
C-reactive protein, mg/L 44+6.7 29+29 024
HAQ disability index 0.5+0.6 0.8+0.6 0.007
Pain, 0 — 100 mm 279+234 355+250 0.11
Body mass index, kg/m?  29.0£11.0 299+6.2 0.67
RF or ACPA positive 164 (69%) 19 (68%) 0.71
Presence of erosions 110 (46%) 16 (57%) 0.26
Methotrexate use 120 (50%) 19 (68%)  0.08
Corticosteroid usel 62 (26%) 9(32%) 048
Other DMARD use 96 (40%) 7(25%) 0.2
Anti-TNF use 34 (14%) 7(25%) 0.3
NSAID use 152 (64%) 17 (61%)  0.76

*
Values are mean (SD) or N (%). Bold values are statistically significant (p<0.05).

1Greater than equivalent prednisone 10 mg daily
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Table 2

A profile of ex vivo cytokine production was significantly associated with the 6-month risk of infection in
patients with rheumatoid arthritis.”

No infection Infection
Cytokine  Stimulant (N=239) (N=28) P-value
IL-2 PMA/ionomycin 8452.1 (6188.5, 18680) 4758.9 (2847.6, 17001) 0.012
IL-10 PMA/ionomycin 442.7 (148.2, 1275.3) 318.8 (80.3, 1201.0) 0.010
IL-8 Anti-CD3/anti-CD28  468.7 (321.0, 621.5) 587.5 (405.7, 836.0) 0.044
TNF-a CMV/EBV 749.2 (393.2,1445.4)  1016.8 (496.4, 1951.0) 0.024
IFN-y PHA 1734.6 (261.4,8394.4)  3272.2 (1144.3, 11512) 0.050
GM-CSF  Media alone 14.1 (8.7, 60.4) 30.6 (17.8, 62.5) 0.013
IL-17 Media alone 44.4 (30.4, 123.6) 84.5(59.5, 145.7) 0.007

*
Values are geometric mean and 25th and 75th percentiles. Values shown are cytokine concentrations in pg/ml. Only data for stimulant-cytokine
combinations with statistically significant differences between the groups at the level of 0.05 are shown.
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