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Abstract

To identify associations between immunostimulated cytokine production and disease
characteristics, peripheral blood lymphocytes were collected from 155 adult patients with
rheumatoid arthritis (RA) before and after a 5-year interval. The lymphocytes were activated in
vitro with T-cell stimulants, cytosine-phosphate-guanine (CpG) oligonucleotide, and medium
alone (negative control). Expression of 17 cytokines was evaluated with immunoassays, and factor
analysis was used to reduce data complexity and identify cytokine combinations indicative of cell
types preferentially activated by each immunostimulant. The findings showed that the highest
numbers of correlations were between cytokine levels and rheumatoid factor (RF) positivity and
between cytokine levels and disease duration. Scores for cytokines driven by CpG and medium
alone were negatively associated with RF positivity and disease duration at baseline but positively
associated with both at 5 years. Our findings suggest that RF expression sustained over time
increases activation of B cells and monocytes without requirements for T- cell functions.
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Introduction

Rheumatoid arthritis (RA) exacts a costly toll on patients, with debilitating effects ranging
from pain and disability to death, associated comorbidities, decreased quality of life, and
increased financial costs. The autoimmune nature of RA has been clearly established, with
involvement of both innate and adaptive immune systems. The resultant articular and
systemic responses involve multiple lymphoid cell types with multiple effector functions.
Accordingly, it is difficult to assign specific RA symptoms to specific cell types or to
identify the most deleterious autoimmune mechanisms.

The assessment of disease progression and therapeutic efficacy in patients with RA is
dependent on a combination of 1) laboratory tests for acute-phase proteins, 2) clinical
assessment of joint inflammation and damage and the extent and severity of pain and
disability, and 3) patient selfassessment of pain and disability. Despite the effort expended
on developing informative assessments, the present approaches do not appear to be
sufficiently sensitive to detect the low levels of inflammation that are suspected of driving
continued joint damage in patients classified as having low disease activity [1, 2].
Biomarkers that can be objectively quantitated at relatively high-resolution levels and whose
levels correlate with disease severity should provide an important adjunct to present clinical
assessments.

Previously we reported our development of an experimental platform that was designed to
probe the multiple lymphoid cell types involved in innate and adaptive responses in patients
with RA. A panel of immunostimulants was chosen to activate a wide range of lymphoid
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cell types in vitro, with activation quantitated by expression of a diverse set of cytokines and
chemokines that can be used to identify cell types that respond to individual stimulants. We
have used this approach to develop immune signatures of cytokine and chemokine
expression that distinguish patients with RA who differ by 1) duration of disease [3], 2) risk
of infection [4], 3) severity of RA-associated left ventricular diastolic dysfunction [5], 4)
probability of adequate response to initial disease-modifying antirheumatic drug therapy [6],
and 5) severity of radiographic joint damage [7].

In the present study we aimed to evaluate changes in cytokine and chemokine expression
after 5 years of follow-up in order to assess our immune signature platform for predicting
future disease outcomes. We used our immune signature platform to assess the capacity of
the immune system of patients with RA to express cytokines and chemokines before and
after a 5-year interval during the course of the disease to compare levels of expression with
disease characteristics. Factor analysis was used to reduce the complexity of data by
identifying groups of associated cytokines and chemokines, to identify the responding
lymphoid cell types, and to correlate changes in these cell types with different characteristics
of the disease over the 5-year study period.

Materials and Methods

Study Design and Participants

We conducted a cross-sectional analysis of baseline and 5-year follow-up data from a
prospective study of patients with RA in a community, population-based, incidence cohort as
previously described [5]. This study used resources of the Rochester Epidemiology Project,
a medical records linkage system providing access to complete medical records for residents
of Olmsted County, Minnesota, who receive medical attention [8].

We identified Olmsted County residents who were 18 years or older and who first fulfilled
the American College of Rheumatology classification criteria for RA between January 1,
1980, and December 31, 2007. From this cohort, 324 of475 eligible patients with RA were
recruited for the initial study visit (visit 1). After 5 years, 155 patients returned to participate
in the second study visit (visit 2). Of the 169 patients who did not return for the second visit,
42 had died or entered nursing homes and 127 had not responded to requests to participate.
The Mayo Clinic and Olmsted Medical Center institutional review boards approved this
study, which was conducted in accordance with the Declaration of Helsinki. All participants
provided written informed consent.

Clinical Data Collection

Study participants completed questionnaires consisting of visual analog scales for pain and
patient global assessment of disease activity: the Health Assessment Questionnaire (HAQ)
disability index and the Routine Assessment of Patient Index Data 3 (RAPID3). Medication
use, including conventional and biologic disease-modifying antirheumatic drugs and
glucocorticoids, was ascertained by patient interview and verified in the medical records.
Laboratory testing of patient sera included measurements of rheumatoid factor (RF)
(Nephelometer Il; CSL Behring, King of Prussia, Pennsylvania), C-reactive protein (CRPL3
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Reagent; Roche Diagnostics, Indianapolis, Indiana), and anti-citrullinated protein antibody
(Quanta Lite CCP3; Inova Diagnostics, Inc, San Diego, California).

Peripheral Blood Mononuclear Cell Isolation, Cell Culture, and Panel of Imnmunostimulants

Venous blood samples were collected in heparinized tubes and maintained at room
temperature. Within 1 to 2 hours, peripheral blood mononuclear cells (PBMCs) were
enriched by Ficoll density gradient centrifugation, suspended in RPMI 1640 medium with
10% heat-inactivated fetal calf serum (FCS)/1% penicillin-streptomycin-glutamine, and
stimulated in vitro under 6 separate conditions with a panel of immunostimulants as we
previously described [3, 5]. Each of the 6 conditions involved culturing 4x10° PBMCs in
200 pL of the RPMI 1640 medium (with 10% FCS/1% penicillin-streptomycin-glutamine)
with 1 of 5 immunostimulants or the control medium in quadruplicate wells. The 5
immunostimulants, selected to collectively activate a broad range of immune cell types, were
1) monoclonal antibodies to the CD3 receptor and the CD28 costimulatory molecule (anti-
CD3/anti-CD28 Dynabeads; Invitrogen, Carlsbad, California) at 5x10° beads per well, 2)
phytohemagglutinin (PHA) (Sigma-Aldrich Co, St Louis, Missouri) at 5 u g/mL [9], 3)
staphylococcal enterotoxins A (SEA) and B (SEB) (Toxin Technology Inc, Sarasota,
Florida) (10 ng/mL for each) [10], 4) phorbol 12-myristate 13-acetate (PMA) (Sigma-
Aldrich) (1 mg/mL) in combination with ionomycin (700 ng/mL) [9], and 5) synthetic
cytosine- phosphate-guanine (CpG) oligonucleotide (ODN2006 with phosphorothioate
backbone; Invitrogen). The PBMC cultures were incubated at 37°C in 5% carbon dioxide for
48 hours to capture the expression of cytokines that were produced by both primarily and
secondarily activated cells. After supernatants were collected, they were stored at —80°C for
later analysis.

Multiplexed Cytokine Immunoassays

Seventeen cytokines and chemokines were analyzed with a Meso Scale Discovery 96-well
Multi-Spot Human Cytokine Assay Tissue Culture Kit (Meso Scale Discovery, Rockville,
Maryland). The cytokines were interleukin (IL)-1p, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8 (also
known as CXCLS8), IL-10, IL-12, IL-13, IL-17A, interferon-vy, tumor necrosis factor-a.,
monocyte chemoattractant protein (MCP)-1 (also known as CCL2), macrophage
inflammatory protein (MIP)-1p (also known as CCL4), granulocyte colony-stimulating
factor (G-CSF), and granulocyte- macrophage colony-stimulating factor (GM-CSF). The 17-
cytokine kits used for the visit 1 analysis included IL-7, but the kits were modified by the
manufacturer to substitute I1L-23 for IL-7 before visit 2. Immunoassays of the PBMC culture
supematants followed the manufacturer’s protocol, and antibody-binding levels were
estimated with the Sector Imager 2400 (Meso Scale Discovery). Cytokine concentrations
were estimated from a standard curve generated for each plate with the manufacturer-
supplied reagents and Discovery Workbench 2.0 software (Meso Scale Discovery). The
intra-assay and interassay reproducibilities were favorable in comparison with the high level
of informative biologic variation assessed with this approach [11].

Statistical Analysis

Baseline characteristics were analyzed with descriptive statistics, including mean (SD) or
median (range) as appropriate. All statistical tests were 2-sided; the significance level was
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set at A<.05 for all analyses. Paired #tests were used to assess changes in characteristics
between visits 1 and 2. Cytokine data were normalized and adjusted for age and sex with
mixed models [3]. Because of the exploratory nature of this study, we focused our attention
on Pvalues as indicators of significance rather than attempt to make adjustments of Pvalues
for multiple comparisons.

For each PBMC sample, 102 data points were collected because the PBMCs from each
participant were incubated under 6 conditions (5 stimulants and the control medium) and
then tested for 17 cytokines. For data reduction, factor analysis was applied separately to the
results for each stimulant, and the top 3 factors were retained, giving a more manageable
summary of 18 values per participant. Each factor represented an underlying construct
composed of similar cytokine measures. With the use of factor “loadings,” which depicted
the strength of the relationship between each cytokine measure and the factor, individual
cytokine measures were combined into a composite score for each factor. Factor scores were
rescaled (0—-100) for interpretation. The scores were created from data from the first visit, so
as to match prior reports [5], and were then calculated for second visits. Spearman rank
correlation and rank sum tests were used to assess differences between participants who did
or did not return for a second visit and to associate cytokine changes from visit 1 to visit 2
with clinical disease characteristics (ie, the presence of disease or clinical changes).

Patient Characteristics

A total of 324 patients with RA participated in visit 1 (median age, 60.7 years; median
disease duration, 8.6 years) (Table 1). After 5 years, 155 patients returned for visit 2.
Comparison of the characteristics of patients who did return and patients who did not return
for visit 2 showed that those who returned were younger and had less disability (ie, lower
HAQ scores) at visit 1 (some patients died before visit 2). Among those who returned, the
HAQ disability index score significantly increased during the 5 years, but the increase was
minimal (median change, 0.0; interquartile range: —0.1, 0.4). Patient assessments did not
change greatly over 5 years. The distributions of treatment modalities were not significantly
different between those who did and those who did not return for visit 2; there were also no
significant differences in distributions of treatments at visits 1 and 2 among those who
returned (Table 1). Only 2 patients with negative RF were positive for anti-citrullinated
protein antibody, so RF positivity alone was examined in further analyses.

Cytokine Response Profiles

PBMCs collected at visit 1 were activated by each stimulant for 48 hours in vitro, after
which supernatants were analyzed for expression of the 17 cytokines and chemokines. Since
individual cell types can produce multiple cytokines upon activation with a single stimulant,
we reasoned that groupings of coordinately expressed cytokines should represent activated
cell types. To find these groupings, we reduced the complexity of our data set with factor
analysis to identify a smaller number of underlying constructs or factors that would most
effectively explain the variation in a larger set of experimental variables. Such analysis
results in ranked factors that are variably loaded by levels of expression of cytokines.

Clin Immunol. Author manuscript; available in PMC 2021 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Davis et al.

Page 6

Using the levels of cytokines produced by PBMCs collected from all patients at visit 1, we
identified the 3 highest ranking factors for each stimulant and the cytokines that most
contributed to each factor as indicated by contributory values greater than 0.5 (Figure 1). We
used those contributing cytokines to deduce responding cell types by considering multiple
elements: 1) the principal cell type(s) predicted to be activated by each immunostimulant
with documented effects on cytokine expression, 2) reported activation of secondary cell
types, and 3) reported cytokine production by the secondarily activated cell types (Table 2).
The rationale for the cell type assignments is described more fully in the Appendix.

The inferred associations between factors and responding cell types are exemplified by the
cytokines that contributed to the factors for CD3/CD28 stimulation (Table 2). Factor 1
included cytokines that are predicted to be produced by helper T cell (Tw)1, TH2, and CD8*
T cells. Factor 2 included cytokines that are expected to be produced by TH17 cells, and
factor 3 consisted of cytokines predicted to be expressed by T2 cells. In addition, 2
cytokines (IL-6 and IL-12) that contributed to factors 1 and 2 are expected to be expressed
by secondarily activated antigen-presenting cells (APCs). Factors associated with the 4 T-
cell stimulants (CD3/CD28, PHA, PMA-ionomycin, and SEA/SEB) varied in their cytokine
associations, which is consistent with previously reported differences in cytokine expression
after activation with these stimulants [12-15]. PMA-ionomycin and SEA/SEB can also
directly stimulate expression of cytokines by APCs [16, 17]. According to previous studies,
the CpG-ODN2006 oligonucleotide principally activates B cells in PBMCs with secondary
activation of monocytes [18]. Interestingly, various cytokines were expressed after
incubation in medium alone, which suggests that the range of responding cytokine-
expressing cell types is relatively broad.

IL-8 was the only cytokine that was negatively associated with multiple factors for multiple
stimulants (Figure 1). Considering the fundamentals of factor analysis, these negative
associations suggested that the cell type(s) producing IL-8 was not the lymphoid cell type(s)
that produced the cytokines that most contributed to the respective factors. Plausible sources
of IL-8 are circulating endothelial cells and endothelial progenitors that are prominent
producers of IL-8 and are present in PBMCs and at increased levels in patients with RA [19,
20]. The 3 strongest negative associations of I1L-8 correlated with the strongest contributions
of G-CSF to 3 factors, raising the possibility that lymphocyte-derived G-CSF may have
driven expression of IL-8 by endothelial cells. This relationship between G- CSF and IL-8 is
consistent with increased 1L-8 levels in serum from human participants treated with G-CSF
[21].

Baseline Comparisons

Factor scores were not significantly different between the 155 patients who did return for a
second visit and those who did not, with the exception of factor 2 for PMA-ionomycin
(Table 3). Factor scores at the first visit for the 155 patients who returned for visit 2 were
compared with the following patient characteristics: age, disease duration, smoking, RF
positivity, glucocorticoid use, methotrexate use, and use of biologic treatments. It was
apparent that expression of RF and disease duration, as single characteristics, most
consistently correlated with the largest numbers of stimulant factor scores. Surprisingly,
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correlations of factor scores with treatments (ie, methotrexate, glucocorticoid, and
biologicals) were relatively limited.

The scores for the 3 factors for each stimulant and for each cytokine-stimulant combination
were tested for significant correlations (P<.05) with the presence of RF (Figure 2 and Table
4). At visit 1, the factor 2 and factor 3 scores for CD3/CD28 and the factor 1 score for
SEAJ/SEB correlated positively with RF positivity. On the contrary, the factor 1 score for
CpG and the factor 1 and factor 3 scores for incubation in medium alone correlated
negatively with RF positivity (Figure 2). The correlations of RF positivity and factor scores
for different stimuli were reflected in correlations between RF and scores from individual
cytokine-stimulant combinations (Table 4). All the cytokines that were stimulated by T-cell
activators and were significantly correlated with RF correlated positively with RF positivity,
with CD3/CD28 and SEA/SEB being most prominent. Multiple cytokines that were
produced by cells activated by CD3/CD28 and SEA/SEB were positively associated with RF
positivity. Interestingly, most of these cytokines are predicted to be produced by T2 and
TH17 cells (Table 2). However, the majority of the cytokines that loaded factor 1 for CpG
and factors 1 and 3 for medium alone correlated negatively with RF positivity. Similar trends
were observed for associations between disease duration and factor scores and specific
cytokine-stimulant combinations (Figure 2 and Table 5). As in associations with RF
positivity, levels of cytokines stimulated by T-cell stimulants were positively associated with
disease duration at visit 1. Virtually all these individual cytokines were driven by activation
with PMA-ionomycin and SEA/SEB. Conversely, cytokines stimulated by incubation in
CpG and medium alone correlated negatively with disease duration at visit 1, with the
exception of 1L-12 and IL-8, which were stimulated by CpG but had not contributed to any
of the 3 factors.

Changes in Cytokine Expression Over 5 Years

Comparison of the starting and ending values over the 5-year interval showed significant
(P<.05) changes in 12 of the 18 factors. These changes fell into 2 general groups: changes of
4 to 18 units (7 factors) and shifts of 19 or more units (5 factors) (Table 3). Identification of
the 3 highest factors for each immunostimulant facilitated the identification of significant
shifts in expression of different sets of cytokines. The greatest downward changes were
observed with factor 1 for 4 of the 5 immunostimulants: CD3/CD28, PHA, PMA.-
ionomycin, and CpG. As shown in Figure 1 and Table 2, factor 1, which was involved with
the greatest variance, was associated with subsets of cytokines produced by multiple subsets
of T cells and B cells. The greatest increases in scores were observed with factor 2 for PMA-
ionomycin and CpG that were associated with activated APCs and B cells. The other
changes with factors 2 and 3 were low-percentage changes. As a group, the median scores
for factors involved in stimulation of T-cell subsets decreased significantly over the 5-year
interval (Table 3). The 1 exception was factor 2 for CD3/CD28 activation that appeared to be
associated with cytokine expression by Ty17 cells (Table 2); the score for this factor
significantly increased over 5 years in opposition to the greater decrease of the factor 1
score, which represented T1/CD8 cytokine expression (Table 2). These results suggest that
changes of cytokine expression were dependent both on responding cell types and on
specific immunostimulants.
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Correlations With Disease Characteristics Over 5 Years

When the relationships between presence of RF and disease duration and levels of cytokine
expression over the 5 years between visits were investigated, no significant changes in factor
scores for T-cell stimulants correlated with RF positivity (Figure 2 and Table 4). The
changes in scores for the 6 cytokine-stimulant combinations that were significantly
correlated with RF were negative correlations. However, the changes in scores with 5 of the
6 factors for CpG and medium alone were positively associated with RF positivity, and these
positive correlations were also seen at the level of individual cytokine-stimulant
combinations (Figure 2 and Table 4). In addition to cytokine-stimulant combinations that
contributed most strongly to factors, changes in 1L-2 and IL-10 expression with CpG
stimulation and incubation in medium alone positively correlated with RF positivity. The
dichotomy between changes in cytokines stimulated by T-cell stimulants compared with
CpG and medium alone is exemplified by changes in GM-CSF expression between the
visits. Changes in GM-CSF expression driven by T-cell stimulants negatively associated
with RF positivity, but changes in GM-CSF expression driven by CpG and medium alone
positively assoc iated with RF.

The opposing associations of RF with changes in expression of cytokines resulting from T-
cell stimulants compared with CpG and medium alone were corroborated by associations
between RF status and expression of cytokines at visit 2 (Figure 2 and Table 4). There were
no significant associations between scores of cytokines driven by any of the T-cell stimulants
and RF, which follows the negative associations between RF positivity and changes between
visits in T-cell-stimulated cytokine expression (Table 4). Scores for 6 cytokine-stimulant
combinations in CpG stimulation and medium alone incubation were significantly associated
with RF, and, in each case, they were positively associated. This trend was consistent with
the positive associations between RF and scores for changes between visits in expression of
cytokines that were driven by these 2 incubation conditions. In addition, expression of IL-2
and IL-10 from incubation in medium alone was positively associated with RF at visit 2,
which is consistent with their changes over the 5 years between visits. In summary,
significant associations of RF positivity and expression of cytokines stimulated by T-cell
activators compared with CpG stimulation and incubation in medium alone changed in
opposing directions through the 5-year interval between visits.

Similar trends were observed for associations between disease duration and specific
cytokine-stimulant combinations (Figure 2 and Table 5). Changes over 5 years in T-cell-
stimulant-driven cytokines negatively correlated with disease duration, and cytokines
stimulated by CpG and medium alone positively correlated with disease duration. These
directions of association were also apparent for the cytokines at visit 2 with the exception
that the only 2 cytokines driven by CpG were negatively associated with disease duration
(Figure 2 and Table 5). As was the case with RF, the association of GM-CSF with disease
duration was determined by the stimuli and activated cells and not the cytokine.

The concordant associations of multiple cytokine-stimulant combinations in positive or
negative relationships with RF positivity and disease duration were not consistently
observed with other patient characteristics. For immunosuppressive treatment regimens,
relatively few associations existed between expression of cytokines and use of
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glucocorticoids and biologic treatments at either visit. However, there were increased
numbers of associations with methotrexate use, with the majority of those associations
limited to factors and individual cytokines driven by CD3/CD28 stimulation (Table 6). The
associations between methotrexate use and factors and cytokines driven by T-cell stimulants
were all negative at visit 1, suggesting that methotrexate had suppressed responses to these
stimulants. However, during the 5 years between visits, these associations were reduced in
number and were generally positive. Associations between history of smoking and cytokine
levels were focused on those expressed by PBMCs collected at visit 2 and stimulated with
PHA and medium alone. However, there were virtually no associations between smoking
and cytokine expression at visit 1 or changes in expression between visits. Likewise, there
were even fewer cytokine associations with scores of patient self-assessments of disease
activity.

Discussion

The experiments presented here monitored a panel of cytokines expressed by stimulated
PBMCs from patients with RA before and after a 5-year interval to identify changes in
cytokine expression that could be associated with disease characteristics. Factor analysis was
incorporated into this study to identify the 3 highest scoring factors for each stimulant and
the groups of cytokines that most significantly loaded each factor, thereby representing the
cell types that responded to each stimulant. Scores for the majority of factors (12 of 18)
significantly changed during the study period, and scores from factors for a single stimulant
did not concordantly change, suggesting that the cell types underlying single factors
increased or decreased their activation capacities with some level of independence. Further
complexity was revealed by divergent changes in scores for factors that appear to be
associated with single lymphoid cell types but are activated with different
immunostimulants. One explanation is that changes in cytokine expression may be based
partly on changes in numbers of responsive cells. Further investigations are necessary to
assess the contribution of changes in sizes of lymphoid subpopulations to changes in
cytokine expression over time in patients with RA.

The focus of this analysis was on the function of cytokine production rather than cell
numbers since such numbers do not necessarily predict function. A meaningful analysis
incorporating cell numbers would have required intracellular staining and flow cytometry,
which would have been difficult with 17 cytokines. However, future investigations could be
feasible for a study of limited numbers of cytokines, stimulants, and patients to assess the
contribution of changes in sizes of lymphoid subpopulations to changes in cytokine
expression in patients with RA.

Factor scores and levels of individual cytokines expressed by activated PBMCs were
analyzed to identify associations with disease variables. These comparisons were
exploratory, so the investigative team did not believe that adjustment of Pvalues for multiple
comparisons was warranted in this study. According to a Bonferroni adjustment, P less

than .0024 (ie, .05/21=0024) would be significant for 7 stimulants and 3 factors each, so it
was reasoned that such an adjustment would be overly conservative, considering the
correlated nature of cytokine expression and the hypothesis-generating nature of this study.
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The largest numbers of associations with disease variables were observed with RF, disease
duration, and methotrexate use. Negative associations of methotrexate with levels of
cytokines following activation with T-cell stimulants, most notably CD3/CD28, at visit 1 are
consistent with the immunosuppressant effects of methotrexate on cytokine expression by T
cells [22].

Factor scores and levels of individual cytokines expressed by activated PBMCs showed 2
groups of associations with RF positivity and disease duration: those involving cytokines
expressed after activation with T-cell stimulants and those expressed after CpG activation
and incubation in medium alone. Positive associations for T-cell-stimulant-driven cytokines
and RF and disease duration were observed at visit 1, but those associations were lost during
the 5-year study period. Conversely, cytokines driven by CpG and medium alone started
with negative associations at visit 1 and evolved to positive associations at visit 2. The
concordant trends of cytokine expression between PBMCs incubated in CpG and medium
alone suggested that either 1) the 2 incubation conditions stimulated similar or identical
lymphoid populations in vitro or 2) the in vivo conditions before PBMC harvests drove
activation states similar to those driven by CpG and did not require further stimulation in
cultures with medium alone.

Although medium with FCS was used as a negative control under the assumption that it
would support only the expression of cytokines that were expressed by PBMCs at the time
of their collection without further activation, the FCS may be an immunostimulant and not
just a nutrient source. FCS has long been known to increase in vitro responses of human
PBMC:s in relation to human AB serum [23]. Since both AB serum and heat- inactivated
FCS contain nutrients, growth factors, and cytokines [24], it is likely that the superiority of
heat-inactivated FCS may reflect other components, including 1) heat-aggregated
immunoglobulins that activate cells through Fc receptor binding [25-27]; 2)
lipopolysaccharide that activates cells by binding toll-like receptor (TLR)4 [28, 29]; 3)
Mycoplasma bovis DNA, which signals through TLR9, and lipoprotein, which signals
through TLR2 [30]; and 4) damage-associated molecules, such as heparan sulfate and
hyaluronan fragments, that bind to multiple TLRs [31, 32]. The inability to identify specific
immunostimulants in medium with FCS and their “target” cell types complicated cell type
assignments for this incubation condition. However, the immunostimulatory potential of
FCS and the concordant transitions of cytokines expressed after incubation in CpG and
medium alone from visit 1 to visit 2 suggest that these 2 incubation conditions may have
primarily activated similar cell types through congruent signaling pathways.

CpG and medium alone may stimulate through comparable mechanisms, but that does not
answer why RF positivity was associated with 1) increased cytokine expression driven by
medium alone and CpG and 2) decreased expression driven by T-cell stimulants over the 5-
year study period. The answer may lie in the specificity and functional activity of RF, which
is an anti-immunoglobulin (1g)G autoantibody that, like other antibodies, starts as IgM with
low affinity both in people who are healthy and in people with RA. However, unlike RF in
healthy people, RF in patients with RA undergoes class switching and affinity maturation
[33-35]. RF expression precedes the diagnosis of RA and may be present for 10 years before
diagnosis, but the timing of changes in affinity in relation to the time of diagnosis is unclear
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[36, 37]. Several lines of evidence have implicated T cells in the generation and maturation
of RF: 1) Class switching and somatic mutation at the 1gG binding site of an RF antibody
suggest T-cell help [38, 39]. 2) The range of potential T-cell help for RF production is
expanded by the binding of immune complexes containing IgG and their previously bound
antigens to RF-expressing B cells for antigen presentation to T cells that are specific for the
bound antigens [40].

RF-producing B-cell populations are dynamic with continual turnover and net increases in
affinity. Increases in RF affinity should increase the concentrations of immune complexes
that contain RF and 1gG since RF molecules in immune complexes have higher avidity than
those that are free in autologous serum [35]. The increases in immune complexes should
increase activation of B cells and monocytes through binding to Fc receptors [41, 42]. Such
increased activation states have been observed in patients with RA who have increases in
monocyte-derived cytokines, in particular tumor necrosis factor-a [42-44]. The increased
activation states in these patients are accompanied by increases in expression of TLRs. At
least in monocyte and macrophage populations, increased expression is observed for TLR2,
TLR3, TLR4, and TLR9 [45-47]. The interplay between TLRs and Fc receptors is further
shown by the upregulation of Fc receptors by TLR engagement [48] and alteration of TLR-
stimulated cytokine expression by the binding of heat-aggregated Ig by monocytes [49]. We
hypothesize that continued exposure to RF-containing immune complexes results in
increased responsiveness to TLR ligands that is consistent with the increased cytokine
production observed with CpG and medium alone and PBMCs from RF-positive patients at
visit 2 compared with visit 1. In addition, this proposed heightening of B-cell activation
could result in increased production of antibodies, including RF that is available for
formation of immune complexes to continue the cycle of B-cell activation in a feedback
loop.

We propose the following scenario based on the role of T-helper cells in the initial stages of
RF selection and class switching and the increased responsiveness of monocytes and B cells
during our 5-year study period. Even at the stage of disease when the patients with RA were
enrolled (median, 9.7 years), T-cell responsiveness to the group of T-cell immunostimulants
was associated with RF positivity because of the role of T cells in helping anti-lgG RF
production. However, over the 5 years, when the majority of patients received
immunosuppressive disease-modifying drugs, there was a trend of dissociation of T-cell
reactivity from the RF status, suggesting that T cells were no longer required for RF
production. The increased association of RF and cytokines produced by B cells and
monocytes in response to CpG and FCS over 5 years suggests that B cells, including those
producing RF, may have lost their dependence on T cells. TLR agonists can maintain
polyclonal memory B-cell populations [50], and complexes between a patient’s own IgG and
DNA effectively activate B cells without T-cell help [51], which could account for an
increased association between RF positivity and B-cell and monocyte responses vis-a-vis the
decreased association between T-cell responses and RF positivity.

The potential importance of innate immune responses in perpetuating RA should provide the
impetus for more refined analysis of the relationships between cytokine responses ofB cells
and monocytes and disease duration and characteristics of the disease. Analyses should
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involve greater resolution with purified lymphoid populations and expanded panels of
immunostimulants and cytokines. Support for such a targeted approach for B cells is
provided by results with use of an antibody specific for CD20* B cells (rituximab) that has
increased the efficacy of immunosuppression with improvement in RA symptoms compared
with treatment with methotrexate (with or without glucocorticoids) alone [52-54]. Further,
rituximab has been shown to effectively deplete activated B cells, which could be the
products of sustained stimulation by RF-containing immune complexes [55]. Therapeutic
success with rituximab may be related in part to these mechanisms. Two points of interest
are 1) how other available synthetic and biologic disease-modifying therapies may regulate
this nexus and affect disease activity and the disease process at the level of the synovium and
other affected tissues, such as the lung, and 2) the therapeutic action that directly interferes
with B-cell stimulation.

Co-associations of immune responses to CpG and medium alone and RF expression suggest
that CpG and FCS in medium similarly drive innate immune responses in patients with RA.
Our findings suggest that sustained RF expression over time increases the activation of B
cells and monocytes without requirements for T-cell functions, with important implications
for the role of B-cell-targeted therapy. The results of this study may be important in the
development of functional assays for CpG-mediated and other TLR-mediated immune
responses as predictors of response to rituximab in patients with RA.
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Assignment of Lymphoid Cell Types That Produced Combinations of Cytokines That
Loaded the Top 3 Factors for Each Immuno stimulant

The objective of factor analysis of complex data sets is the identification of a limited number
of underlying factors that most effectively explain the variation in experimental variables.
For the cytokine expression levels reported in the present study, these factors should
represent the lymphoid cell types that responded to individual immunostimulants and
produced the cytokines that were most strongly associated with the respective factors. We
attempted to identify cell types that correlated with the 3 highest factors for each stimulant
by considering the immuno stimulant and the cell types that have been reported to produce
that cytokine when presented with the specific stimulant. We also considered that our 48-
hour cultures could show cytokine production by both primarily and secondarily activated
cells. Our approach to deducing responding cell types aimed at selecting the minimal
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number of cell types that could account for the cytokine grouping associated with each
factor.

CD3/CD28 microbeads stimulate T cells by cross-linking T-cell receptors and CD28
coreceptors. Factor 1 for CD3/CD28 stimulation appears to represent helper T cell (T)1
and CD8* T cells according to expression of interferon-vy, interleukin (IL)-2, and tumor
necrosis factor a [1]. The inclusion of IL-4 in this factor may reflect the expression of IL-4
by a subset of CD8" T cells that are increased in elderly patients [2], and IL-10 can be
produced by Tyl cells in addition to other cell types [3]. IL-12 expression in antigen-
presenting cells can be regulated in a feedback loop by interferon-y [4, 5]. Factor 2 loadings
are consistent with cytokines produced by Ty17 cells or cells that are activated by 1L-17.
Activated Ty17 cells produce IL-17 that subsequently stimulates production of a wide range
of cytokines, including IL-6, granulocyte-macrophage colony-stimulating factor (GM-CSF),
and macrophage inflammatory protein 14, that are strongly associated with factor 2 [6-8].
Factor 3 for CD3/CD28 includes only IL-5 and IL-13, which are produced by T2 cells [9].
Therefore, the 3 factors for CD3/CD28 activation appear to be distinguished by activation of
Tw1/CD8*, which stimulates T17, which stimulates T2 cells.

There are important differences between the functions of T-cell subsets that are activated by
CD3/CD28 microbeads and polyhydroxyalkanoate [10, ii]; these differences may be affected
largely by the variation in CD28 expression in memory T-cell subsets with age-related
increases in CD28™ T cells that would not be coactivated by anti-CD28 [12, 13]. The factors
for polyhydroxyalkanoate stimulation were loaded with T- cell cytokines, but the 3 highest
factors did not appear to be distinguished by different T-cell subsets. Factor i included
cytokines produced by several T - cell subsets, including TH1, TH2, T417, and CD8™ T cells. In
addition to T-cell-derived cytokines, factor 1 was associated with cytokines, including
granulocyte-macrophage colony-stimulating factor (G-CSF), IL-1p, and monocyte
chemoattractant protein (MCP)-1, produced by antigen-presenting cells (APCs) that can be
stimulated by primary T-cell activation [14-16]. Likewise, factor 2 included cytokines that
can be produced by activated T1, T2, and CD8* T cells. As with CD3/CD28 activation,
factor 3 included IL-5 and IL-13 that are produced by T2 cells.

Phorbol 12-myristate 13-acetate (PMA)-ionomycin stimulates T cells and monocytes
through induction of protein kinases in mitogenic pathways. PMA-ionomycin-activated T
cells express cytokines that overlap with those produced by T cells activated by CD3/CD28
[17], and monocytes activated by PMA-ionomycin can express diverse cytokines [18, 19].
Factor 1 was principally associated with cytokines produced by Ty17 and T2 cells, and
factor 3 was associated with T2 cytokines. Factor 2 included cytokines predicted to be
expressed by activated APCs whether they be secondarily stimulated by T cells or directly
stimulated by PMA-ionomycin.

Finally, staphylococcal enterotoxins A (SEA) and B (SEB) superantigens stimulate CD4* T
cells by cross-linking major histocompatibility complex class 11 molecules on APCs to
specific T-cell receptor B chains [20] and APCs through toll-like receptor (TLR) activation
[21]. Factor 1 for SEA and SEB was strongly associated with T2 cytokines, and factor 2
included multiple cytokines that can be produced by activated T cells and APCs. Factor 3
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was less clear in its association with 1L-2 and IL-10, which can be produced by multiple T-
cell subsets. Therefore, the activation of T cells by the 4 T-cell-specific stimulants is
mediated by different mechanisms, resulting in the expression of partially overlapping
groups of T-cell-associated cytokines and fewer cytokines expressed by secondarily
activated APCs.

In addition to the stimulants for T-cell activation, cytosine-phosphate-guanine (CpG) was
selected to activate B cells and other innate immune cells in peripheral blood mononuclear
cells (PBMCs). The CpG-B 2006 oligonucleotide directly activates B cells that express
TLRY; activated B cells can subsequently activate monocytes that are, by themselves,
nonresponsive to CpG-B 2006 [22, 23]. We have interpreted the associations between
cytokines and the 3 factors associated with CpG stimulation under the assumption that B
cells comprise the primary cell type that responded to CpG. With factor 1, CpG-stimulated B
cells have been shown to express tumor necrosis factor a, IL-6, and macrophage
inflammatory protein 1p [24-26], and, consequently, secondarily activated monocytes can
produce G-CSF and IL-1p [15, 27]. Although the cytokines that are strongly included in
factor 2 and factor 3 are generally associated with Tyl and T2 cells, all of them can be
produced by polyclonally stimulated effector B cells that have been polarized in previous
encounters with the respective Ty cell subsets [28, 29].

Although PBMCs produced cytokines when incubated in medium alone, the lack of
identified stimulants or the potentially continued production of cytokines by PBMCs from
their in vivo states complicated cell type assignments for the cytokines that loaded the top 3
factors. Therefore, we made assignments that were generally broad and focused on the cell
types that are conventionally associated with the respective cytokines.
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Highlights

. Cytokines were associated with rheumatoid factor and rheumatoid arthritis
duration.

. Cytokine profiles switched from T-cell to B-cell cytokines over 5 years.

. Cytosine-phosphate-guanine response profiles suggested an innate immune
response.

. Sustained rheumatoid factor expression likely activates B cells and
monocytes.
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Figure 1.
Loadings of Factors With Cytokine Expression After Activation of Peripheral Blood

Mononuclear Cells With the Panel of Immunostimulants. Loading was scaled from high
(red) to low (blue). CD3/CD28 indicates anti- CD3 and anti-CD28 microbeads; CpG,
cytosine-phosphate-guanine oligonucleotide ODN2006; G-CSF, granulocyte colony-
stimulating factor; GM-CSF, granulocyte-macrophage colony-stimulating factor; IFN,
interferon; IL, interleukin; MCP, monocyte chemoattractant protein; Medium, RPMI 1640
medium with 10% fetal calf serum; MIP, macrophage inflammatory protein; PHA,
phytohemagglutinin; PMA/Ion, phorbol 12-myristate 13-acetate—ionomycin; SEA/SEB,
staphylococcal enterotoxins A and B; TNF, tumor necrosis factor.
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Figure 2.
Associations Between Rheumatoid Factor (RF) and Disease Duration and Scores From

Cytokine-Loaded Factors Associated With Experimental Activation. Associations ranged
from positive (red) to negative (blue) for visit 1, visit 2, and the change between visits. *
indicates A<.05; **, P<.01; *** P<.001; CD3/CD28, anti-CD3 and anti-CD28 microbeads;
CpG, cytosine-phosphate-guanine oligonucleotide ODN2006; Medium, RPMI 1640 medium
with 10% fetal calf serum; PHA, phytohemagglutinin; PMA/lon, phorbol 12-myristate 13-
acetate—ionomycin; SEA/SEB, staphylococcal enterotoxins A and B.
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Table 4.

Associations Between Rheumatoid Factor Positivity and Cytokine Expression After Activation of PBMCs
With Immunostimulants

Association
Time Stimulant Positive Negative
187 * * A *A * A A * *
visit CD3ICD28  ovtor 1™ factor2 ™ factor 3™ 1L-4 7 1L-5™" I1L-171 ", GM-CSD
PHA

PMA/lon |L_6*

* * *
SEA/SEB  pottor 1 IL-471L-5" IL-13 " GM-CSF
CpG Factorl .IL-Ip , TNF-a , MIP-
* A
¢
1 *K Ak *
Medium Factor 1 , factor3 , G-CSF ,
* Ak A A A AA
IL-1B , TNF-a ,IL-6 ,IL-17
** *Hk
GM-cCSF , MCP-1
Change CD3/CD28 * * *
between IL-5 ,IL-17 , GM-CSF
visits
PHA
* *
PMA/lon IL-6 ", GM-CSF
*
SEA/SEB GM-CSDF
Factor1 ,factor2 ,factor3 ,G-CSF ,IFN-y ,IL-IB , TNF-
*A HAA *a
a ,MIP-IB GM-CSF
1 Ak Ak * *Hk KAk
Medium  coctor 17 factor 3™ G-CSF T IEN-y 1L TNF-a.
Hk Ak *A Ak Ak *a **a
IL-6 ,IL-17 ,GM-CSF ,MCP-1 ,MIP-Ip ,1L-2 % IL-10
Visit 2 CD3/CD28
PHA
PMA/Ion
SEA/SEB
* * * *
CpG Factor 1 . factor 3 , G-CSF , TNF-a
Medium

* Ak * * * *3
IFN-y ,IL-IB , TNF-a , MCP-1 ,IL-2 ,IL.-10

Abbreviations: CD3/CD28, anti-CD3 and anti-CD28 microbeads; CpG, cytosine-phosphate-guanine oligonucleotide ODN2006; G-CSF,
granulocyte colony-stimulating factor; GM-CSF, granulocyte-macrophage colony-stimulating factor; IFN, interferon; IL, interleukin; MCP,
monocyte chemoattractant protein; Medium, RPMI 1640 medium with 10% fetal calf serum; MIP, macrophage inflammatory protein; PBMC,
peripheral blood mononuclear cell; PHA, phytohemagglutinin; PMA/lon, phorbol 12-myristate 13-acetate—ionomycin; SEA/SEB, staphylococcal
enterotoxins A and B; TNF, tumor necrosis factor.

aCytokine that was not loaded into a factor at 0.5 or more.
*
P<.05.
F<.01.

Aok

*
P<.001.
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Table 5.

Page 28

Associations Between Disease Duration and Cytokine Expression After Activation of PBMCs With

Immunostimulants

Association
Time Stimulant Positive Negative
el * A
Visit 1 cD3ICD28 | .
PHA
*A KAk *Kk *Hk
PMAIon coctor 17 factor 3™ 1L-20 ™ 1L-12™
A AA A kA * A
IL6  ,IL-17 ,GM-CSF
*Hk *k ***a
IL-4 L5, MIP-1p
SEASEB  ovior1 ™ 1Ls " 1L-17” aM-CSE
*,
MCP-1 2
*, o*, * *Kk * * * ok,
CrG IL-12 282 Factor 1, G-CSF , IL-1 , MIP-1g , IL-17 2
Medium *

Change between visits CD3/CD28
PHA

PMA/Ion

SEA/SEB

CpG

Medium

Visit 2 CD3/CD28
PHA
PMA/lon

SEA/SEB

CpG

Medium

*
IL-17

*ok * * *a
Factor1 , G-CSF , MIP-1B , IL-17

Factor1, G-CSF , IL-1p o IL-5
* Ak A HAA *
TNFoa s IL6 o ILA7 s GM-CSF
*k Ak *a
Mcp-1 Mip-18”™ " IL-10

*
Factor 1

* *k * *Hk
IL-16 ,IL-6 ,IL-17 ,GM-CSF
Hk
MIP-18

Ak AAA H*A * *:
Factor1 ,factor3 ,G-CSF ,IFN-y ,IL-18 ,
A A *ok Aok Ak A *
IL-5 ,TNF-a ,IL-6 ,IL-17 ,GM-CSF ,
* )(—a *)(—a
MCP-1 ,IL-2 ~, IL-10

Ak Ak
IL-5 , GM-CSF

* A Ak * A AA A AA
Factor1 ,factor3 ,IL-10 ,IL-6 ,IL-17 ,GM-
Ak *a **a * A
CSF | IFN-y “,MIP-18 ",IL-4

Aok

o4 *k *k * *Hk
Factorl ,factor2 ,IL-18 ,IL-17 ,TNF-a ,
* HAA * **a *a
IL-5 ,GM-CSF |, MIP-1B , IFN-Y ~, MCP-1

*
GM-CSF
Hk *
IFN-y " IL-13
IL6 , GM-CSF , MIP-1p @

* * A * A HAA
Factor 1 , factor2 ,IL-1 ,GM-CSF , LFN-

*AAg

v

Hok *

*
IFN-y ,IL-5

*
Factor 2

Abbreviations: CD3/CD28, anti-CD3 and anti-CD28 microbeads; CpG, cytosine-phosphate-guanine oligonucleotide ODN2006; G-CSF,
granulocyte colony-stimulating factor; GM-CSF, granulocyte-macrophage colony-stimulating factor; IFN, interferon; IL, interleukin; MCP,
monocyte chemoattractant protein; Medium, RPMI 1640 medium with 10% fetal calf serum; MIP, macrophage inflammatory protein; PBMC,
peripheral blood mononuclear cell; PHA, phytohemagglutinin; PMA/lon, phorbol 12-myristate 13-acetate—ionomycin; SEA/SEB, staphylococcal
enterotoxins A and B; TNF, tumor necrosis factor.
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a . .
Cytokine that was not loaded into a factor at 0.5 or more.

*
P<.05.

*:

*
F<.01.

Aok

*
P<.001.

Clin Immunol. Author manuscript; available in PMC 2021 February 01.

Page 29



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Davis et al.

Table 6.

Page 30

Associations Between Methotrexate Use and Cytokine Expression After Activation of PBMCs With

Immunostimulants

Association

Time Stimulant Positive

Negative

Visit 1 CD3/CD28

PHA
PMA/Ion

SEA/SEB
CpG

1 *.
Medium IL-6"2

Change between visits CD3/CD28

PHA

*
PMAlon Factor 3

SEA/SEB
CpG

Medium

el * * * o4
Visit 2 CD3/CD28 Factor 1 , factor 2 , factor 3 , IL-1p

PHA
PMA/lon
SEA/SEB

* *
CpG Factor 2, IFN-y .

Medium

* *k * *a
Factor 1 , factor2 , Factor 3 , IL-8 “IL-2

* * * *
Factor 2 , factor 3 , IFN-y , IL-5 , MCP-1

*

*a

Aok

,1L-2

*

* * * Ak *

Factor 1 , factor 2 , factor 3 ,IL-5 ,IL-10 ,
* *A * *a *

IL-13 ,IL-6 , GM-CSF , MCP-1 “, MIP-1B

* A Ak A * A
Factor3 ,IL-5 ,IL-13

*ok
IL-6
IL-10"@

*,
IL-8 ¢

* *.
L5, 1L-8 2

Abbreviations: CD3/CD28, anti-CD3 and anti-CD28 microbeads; CpG, cytosine-phosphate-guanine oligonucleotide ODN2006; G-CSF,
granulocyte colony-stimulating factor; GM-CSF, granulocyte-macrophage colony-stimulating factor; IFN, interferon; IL, interleukin; MCP,
monocyte chemoattractant protein; Medium, RPMI 1640 medium with 10% fetal calf serum; MIP, macrophage inflammatory protein; PBMC,
peripheral blood mononuclear cell; PHA, phytohemagglutinin; PMA/Ion, phorbol 12-myristate 13-acetate—ionomycin; SEA/SEB, staphylococcal

enterotoxins A and B; TNF, tumor necrosis factor.
a . .
Cytokine that was not loaded into a factor at 0.5 or more.

*
P<.05.

*:

*
F<.01.

Aok

*
F<.001.
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