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Abstract

T cell co-stimulation is important for the maintenance of immunologic tolerance. Co-inhibitory
receptors including programmed cell death-1 (PD-1) confer peripheral tolerance to prevent
autoimmunity. SAP (SH2D1A) is an adaptor molecule that is important in T cell signaling and has
been shown to interact with signaling lymphocytic activation molecule (SLAM) family receptors
also in the context of self-tolerance. We recently reported that SAP interferes with PD-1 function.
In the current study, we investigated the levels of SAP and PD-1 in patients with rheumatoid
arthritis (RA) to further understand what role they play in disease activity. We observed increased
SAP levels in lymphocytes of RA patients and found that PD-1 levels correlated positively with
RA disease activity. Additionally, we found that SAP interacts with CD28 to inhibit T cell
signaling in vitro. This work demonstrates a putative molecular mechanism for SAP mediated
PD-1 inhibition.
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1. Introduction:

Rheumatoid arthritis (RA) affects approximately 1% of the world’s population (1). While
the etiology is complex, T cells have been shown to play a significant role in pathogenesis
(2, 3). During the development of a normal immune response, T cell tolerance is maintained
by dampening positive signaling in the periphery. To accomplish this, co-inhibitory
receptors diminish T cell activation and cytokine secretion. Programmed cell death-1
(PD-1) is an important co-inhibitory receptor critical to maintain peripheral tolerance.
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PD-1 inhibition has led to a revolution in the treatment of certain malignancies, including
melanoma, pulmonary malignancies and genitourinary malignancies, among others, with
durable responses in many patients (4). Conversely, therapeutic strategies for autoimmunity
involving co-receptors have also proven productive; a soluble CTLA-4-1g fusion engages
CDB80/86 and blocks CD28 signaling. This strategy has been shown to lead to clinical
responses in the treatment of inflammatory arthritides (5).

Co-inhibitory receptor signaling is an area of intense investigation in immunology and
oncology. However, the signaling pathways downstream of PD-1 that result in the inhibition
of T cells remain poorly understood. By affinity purifying PD-1 from human T cells we
previously identified signaling lymphocytic activation molecule (SLAM)-associated protein
(SAP) as a negative regulator of PD-1 signaling (6) and that SAP expression was inversely
correlated with PD-1 function (4). SAP, encoded by the SH2D1A gene is a 14 kDa adaptor
protein and consists mostly of one SH2 domain that canonically binds to SLAM receptors
via conserved tyrosine interactions (7). In the present study we confirm that PD-1 levels

are elevated in synovial fluid and peripheral blood T cells of patients with RA. In addition,
we found elevated SAP levels that could render the rheumatoid PD-1 ineffective. Further,
we show that SAP exerts it inhibitory effect by binding to phosphorylated tyrosine 173 of
CD28 and thereby blocking dephosphorylation by SH2 domain containing protein tyrosine
phosphatase (SHP2).

2. Materials and Methods:

2.1. Patients and Controls.

Research involving human subjects was performed according to the Institutional Review
Boards at NYU Langone Health through an approved protocol with appropriate informed
consent as required. Patients with RA fulfilled the ACR 2010 RA classification criteria.
Rheumatoid factor and anti-CCP antibody status, C-Reactive protein level, and medications
usage were obtained by review of electronic medical records. Biologic therapy was defined
as use of anti-TNFa, Abatacept, Rituximab, Tocilizumab, or Tofacitinib. Synovial fluid
samples were obtained from patients undergoing diagnostic or therapeutic arthrocentesis
of an inflammatory knee effusion as directed by the treating rheumatologist. The same
consent was signed for these samples as well as the peripheral blood. These samples were
de-identified and therefore additional clinical information was not available, except for
the patients from whom paired synovial fluid and blood were obtained. Blood samples

for clinical phenotyping were obtained from patients seen at NYU Bellevue Hospital.

For blood cell analyses in the cross-sectional cohort, DAS was measured by the treating
clinician. Anti-CCP titers were measured at the Bellevue Hospital clinical laboratory, with
a positive result defined as concentration >25 units per ml. Blood samples were acquired
before initiation of a new biologic therapy or within 1 week of starting methotrexate.
Concurrent prednisone use was permitted. All synovial fluid and blood samples were
subjected to density centrifugation using Ficoll-Paque to isolate mononuclear cells, which
were cryopreserved for batched analyses. Phenotypic analyses of blood T cells were
performed on samples from both RA patients and healthy subjects, with similar results
unless specifically indicated.
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2.2. General Reagents.

RPMI medium 1640, DMEM, Dulbecco’s phosphate-buffered saline, and FBS were
purchased from Life Technologies. Opti-MEM-1 was purchased from Invitrogen. Ficoll-
Paque was purchased from GE. The bicinchoninic acid (BCA) assay was purchased from
Pierce Biotechnology. Poly-L-lysine, fibronectin, and orthovanadate were purchased from
Sigma. Pervanadate was prepared by mixing orthovanadate and H,O, at a 1:1 ratio and was
used at a final concentration of 50 pM.

2.3. Cell Culture, Transfection, and Stimulation.

Jurkat T cells were obtained from the ATCC and maintained in RPMI medium supplemented
with 10% FBS and 1% penicillin/streptomycin. CD28 constructs were introduced into

the cells by nucleofection (Lonza) with an efficiency of 50-70%. For co-localization
experiments, cells were stimulated with soluble anti-CD3 and anti-CD28 antibodies.

2.4. DNA Constructs.

Mutations in the tyrosine and serine residues of the intracellular CD28 domain (Y173F,
Y190F, and S171A) were generated using the QuikChange Site-Directed Mutagenesis Kit
(Agilent). mCherry-SAP and CD28-GFP were generated by cloning the SH2D1A gene
from pDORN201-SH2D1A into mCherry-hLC3B-pcDNA3.1 and CD28 gene from DNASU
Clone ID 641402 (DNASU) into the pGFP-N1 (Invitrogen). mCherry-hLC3B-pcDNA3.1
(Addgene 40827) was a gift from David Rubinsztein, Cambridge Institute of Medical
Research, Cambridge, UK. SAP was generated from pLX304-SH2D1A (DNASU).

2.5. Flow Cytometry.

CD3 T cells were stained for 30 minutes at 4°C with the following anti-human antibodies
(all from BioLegend): APC/Cy7-CD3 (clone HIT3a), Alexa Fluor-CD4 (clone RPA-T4),
Pacific Blue-CD8 (clone RPA-T8), and Brilliant Violet 711-PD-1 (clone EH12.2H7.

The cells were washed twice with cold PBS containing 2% FBS and were fixed

in 2% paraformaldehyde. Fixed cells were washed twice with Intracellular Staining
Permeabilization Wash Buffer (BioLegend) and stained with anti-human SAP antibody
(clone XLP-1D12; eBioscience) for 30 minutes at room temperature. The cells were washed
after intracellular staining and data were acquired on a BD LSR flow cytometer and were
analyzed using FlowJo software.

2.6. Generating Stable Knockdown Jurkat T Cells.

CD28 was stably knocked down in Jurkat T cells by shRNA using Mission sShRNA library
(Sigma). Lentiviral particles were generated by transfecting HEK293T cells with pMD2G,
psPAX2, and the shRNA plasmid using SuperFect (Qiagen). T cells were transduced by
centrifugation and selected with puromycin. Knockdown was validated by flow cytometry
(Supplemental Figure 3).

2.7. Immunoprecipitation and Affinity Enrichment.

Cell lysates were mixed with anti-GFP monoclonal antibody coupled to agarose beads
(MBL) to enrich for GFP-tagged CD28 according to the manufacturer’s protocols. Pull-
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down lysates were separated by Tris-glycine SDS-PAGE, transferred to nitrocellulose filters,
and visualized as described (3). CD28-GFP constructs were overexpressed in Jurkat T cells,
validated by flow cytometry and SAP was overexpressed in HEK293T cells.

2.8. Cytokine Analysis.

To determine the concentration of secreted IL-2 following stimulation, the human IL-2
ELISA kit (BioLegend) was used according to the manufacturer’s protocols. Cells were
stimulated with antibody-coated plates for 24 hours following supernatant collection and
analysis, as described above.

2.9. Statistics.

Values are reported as mean + SEM. Statistical analyses were performed using Student’s
paired t test, Mann-Whitney test and 2 way ANOVA analysis. All statistical analyses were
performed using GraphPad Prism (version 6.0).

3. Results:

3.1. RA patient T cells express high levels of PD-1 that correlate with disease activity.

To document T cell changes associated with RA we collected blood and synovial fluid
from seropositive (defined as positive for rheumatoid factor (RF) and/or cyclic citrullinated
peptide (CCP)) RA patients meeting ACR criteria with moderate to high DAS28 scores
(DAS28>3.2), as well as blood from healthy controls. Using flow cytometry (gating strategy
Supplemental Fig. 2), we analyzed CD3 T cells from the peripheral blood and synovial fluid.
In peripheral blood, we found that PD-1 levels were elevated on CD3 T cells from patients
with RA compared to healthy controls (Fig. 1A). Furthermore, PD-1 MFI was higher in
patients with high disease activity and correlated with DAS28 scores (Fig. 1A). Correlation
studies revealed linear association between DAS28 and PD-1 levels (Fig. 1A). When we
compared surface expression of CD69, a marker of T cell activation, on T cells isolated
from healthy donors compared to RA T cells, we detected no difference. In contrast, CD69
expression was higher in patients with moderate RA disease activity than those with high
disease activity, suggesting that the elevated PD-1 levels did not simply reflect non-specific
T cell activation. In synovial fluid, we observed that RA T cells expressed significantly
higher levels of PD-1 as compared to peripheral blood T cells from the same patients

(Fig. 1B and 1C). Interestingly, we found that both PD-1 and CD69 levels were higher in
synovial fluid compared to peripheral blood, which has been shown in other inflammatory
arthritides (8). We also looked at other clinical markers of inflammation such as ESR and
CRP in correlation with PD-1 levels, but they were not significant (Supplemental Fig. 1).
In summary, these data suggest that while PD-1 is elevated, it is likely not just a marker of
activation since patients with severe disease do not possess high levels of CD69.

3.2. SAP levels are elevated in T cells of patients with rheumatoid arthritis.

Since our prior work demonstrated that SAP inhibits the function of the PD-1 pathway, we
were encouraged to study the relationship of SAP in T cells from patients with RA, which
has not been extensively studied. The immunopathology of RA is T cell driven and PD-1
is known to be a negative regulator of T cell function. However, elevated PD-1 levels on
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the surface of RA T cells are surprising, suggesting that these cells are activated, but the
PD-1 pathway is not active. Thus, we considered SAP as an inhibitor of PD-1 function

and investigated whether SAP levels are altered in RA patients. Accordingly, we measured
SAP levels in permeabilized CD3 T cells by flow cytometry and observed that T cells

from patients with RA had elevated SAP levels compared to healthy controls (Fig. 2A).
Importantly, these levels were higher in patients with active disease mirroring the PD-1
phenotype in RA T cells (Fig. 2A). Correlation studies revealed that SAP is elevated in
patients with more severe disease activity suggesting that perhaps it is involved in inhibiting
PD-1 signaling in RA patients (Fig. 2A). We next sought a mechanism to determine how
SAP can inhibit PD-1 signaling in vitro.

3.3. SAP binds to CD28 through tyrosine 173.

It has been reported that CD28 is dephosphorylated by SHP2 downstream of PD-1 signaling
(9, 10). Interestingly, others groups have not found CD28 to be directly involved in the
PD-1 pathway (11) or have shown dephosphorylation of CD28 by SHP1 in the absence

of SHP2 (12). We evaluated the interaction of SAP and CD28 as a possible mechanism

for SAP mediated PD-1 inhibition. To assess cellular proximity of SAP and CD28, we
tagged the two proteins with monomeric Cherry (mCherry) and GFP, respectively, and
localized them in Jurkat T cells using live-cell confocal imaging. As expected, CD28-GFP
was expressed predominantly on the plasma membrane (PM) and this distribution was not
altered by cellular activation (Fig. 2B). In resting cells mCherry-SAP was distributed in a
cytosolic pattern with negatively imaged organelles (Fig. 2B). Upon activation of the Jurkat
T cells with anti-CD3 and anti-CD28 antibodies, mCherry-SAP translocated to the PM and
colocalized with CD28-GFP (Fig. 2B). This was also observed when transfected cells were
treated with pervanadate (Supplemental Fig. 3). Thus, CD28 and SAP colocalize in T cells
in an activation-dependent manner at the PM compartment.

To determine if this co-localization resulted from a protein-protein interaction between
CD28 and SAP we performed an immuno-precipitation experiment with different versions
of the CD28 tagged with GFP immobilized on agarose beads coated with anti-GFP
antibodies. We expressed wild-type (WT) or mutant CD28-GFP in Jurkat T cells, treated
these cells with pervanadate or vehicle control. To the washed agarose beads we applied
lysate of Jurkat T cells as a source of endogenous SAP. In an unmutated CD28 protein, we
observed that SAP was pulled down when the Jurkat T cells were treated with pervanadate,
suggesting phosphotyrosine-dependent binding as indicated by the band on the western blot.
Tyrosine 173 within the cytoplasmic domain of CD28, has been found to associate with

p85 of PI3K leading to cell activation and is a known SH2 binding domain. The second
tyrosine at position 190 of CD28 is an SH3 binding domain and has been shown to interact
with Grb2 (an SH2 binding adaptor protein) (13)). Thus, to understand the site of binding,
we generated phospho-deficient versions of CD28 that cannot bind to SH2-domain carrying
proteins, such as SAP. For example, if tyrosine 173 was mutated (Y173F; meaning we
replaced tyrosine (Y) in position 173 with phenylalanine (F)) and SAP was not pulled down,
then the conclusion is that SAP does interact with this tyrosine. And indeed, when tyrosine
173 was mutated SAP was not pulled down (Fig. 2C). Next, we mutated tyrosine in the

190 position, in the same manner as described above. Given that removal of the tyrosine at
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position 190, still pulled down SAP, suggested that tyrosine 190 was not where SAP binds to
CD28.

The best-established binding partners of SAP are phosphorylated tyrosine motifs on
members of the SLAM receptor family (14). SLAM-SAP binding has been shown to be
facilitated by a proximal serine residue (14, 15). Since serine residues are often seen as a
residue to stabilize protein-protein interactions. We asked if the serine at position 171 was
contributing to the binding at the Y173 position. Indeed, we found that when the serine
residue was mutated to alanine, less SAP was bound to CD28, suggesting that for optimal
SAP binding to CD28, a serine residue at position 171 is necessary, suggesting that this
residue may stabilize the interaction (Fig. 2C).

To evaluate the functional significance of CD28 phosphorylation on tyrosine 173 we

used CD28 deficient T cells and rescued CD28 function by transfection with WT or
mutant versions of CD28 (as described above). When CD28 deficient Jurkat T cells

were reconstituted with WT CD28 and stimulated by cross-linking CD3 and CD28 with
antibodies to the two receptors, the cells secreted IL-2 (Fig. 2D). When PD-L1 was added
to the cell stimulation, IL-2 production was diminished by 50% demonstrating productive
engagement of PD-1 signaling. Whereas cells transduced with CD28 with a Y190F
substitution showed the same degree of PD-L1-mediated inhibition as those transduced
with WT CD28, stimulation of cells transduced with a Y173F mutation was unaffected
by PD-L1. Cells rescued with CD28 with an S171A substitution showed an intermediate
response. Thus, CD28 that cannot bind to SAP does not support PD-1 mediated inhibition of
T cells (Fig. 2E).

4. Discussion:

The expression of co-inhibitory receptors on RA T cells has been described in the literature
(16-19). In the present study, we evaluated the relationship between the T cell surface
expression of PD-1 and RA clinical disease activity. In peripheral blood, PD-1 levels
correlated with RA disease activity. In addition, we found that the PD-1 pathway is unlikely
to inhibit T cells in synovial fluid as the cells have an elevated CD69 and PD-1 suggestive of
an activated phenotype. Therefore, we wanted to understand this discrepancy and considered
whether there may be a molecule downstream of PD-1 that may interfere with its function.
In our previous work, we reported that SAP inhibits PD-1 activity in vitro (6). We found
that SAP levels are also elevated in RA patient T cells. This is particularly interesting since
both PD-1 and SAP are found in T follicular helper cells. In fact, an elegant study performed
by Rao et al., (16) revealed the difference between PD-1+CXRX5+ and PD-1+CXCR5-T
cells in patients with RA, looking at the synovium and peripheral blood. In their work,

they characterized a new T cell subset, termed T peripheral helper cells, which are PD-1+
and CXCR5-. These cells were described as helpers to promote plasma cell differentiation
through IL-21 and SLAMFS5 interaction.

There are a few RA databases, which have identified associations mostly with increased
susceptibility to RA with particular SNPs in PD-1 (20-22). More specifically, PD-1 was
found to be associated with RA haplotype in RA patients from Hong Kong, but not
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with Japanese RA individuals (23). A tissue-specific susceptibility locus for inherited
inflammatory disorders was found to be associated with the PD-1 gene. Meta-analysis of
genetic polymorphisms in PD-1 reported associations with RA, ankylosing spondylitis, and
type 1 diabetes (24, 25). Similar associations were not reported for SAP. One manuscript
evaluated the levels of SAP transcript expression in RA patients and found that SAP levels
were lower in a cohort of 21 Japanese RA patients compared to inactive SLE controls (26).
In the manuscript by Rao et al., SAP was found to be elevated in PD-1 high, MHCII positive
synovial fluid cells. In addition, the same authors showed PD-1 high CD4+ T cells from
peripheral blood also expressed high levels of SAP (16).

Our studies in Jurkat T cells revealed a mechanism whereby SAP may limit PD-1 signaling
by binding to phosphor-tyrosine 173 of CD28 thereby blocking dephosphorylation by SHP2.
Our data suggest that T cells in the rheumatoid synovium escape PD-1 mediated exhaustion
by upregulating protein expression or inhibiting the degradation of SAP. Interestingly,
GWAS have identified point mutations in the CD28 gene, which increase susceptibility

to RA (27, 28) as well as other autoimmune diseases such as systemic sclerosis and
sclerosing cholangitis (29). These mutations occur mostly in non-coding regions. SLAMF6
is elevated on the surface of T and B cells in patients with RA compared to controls (30).

In addition, SLAMF6 expression was found to be decreased in RA patients who were being
treated with methotrexate (31) suggesting the potential that SLAM proteins are important
in modulating RA disease activity. However, to our knowledge, studies have not linked
SLAM-SAP signaling to PD-1-CD28 interactions.

The role of PD-1 positive cells in the SF of RA patients is unclear. We hypothesized that
since PD-1 can be an early activation marker and these cells are also CD69 positive, these
cells are in fact activated. In these cells PD-1 doesn’t function as an inhibitory receptor.
Other manuscripts may support these findings. In a 2018 paper by Luo et al., the authors
also observed increased PD-1 levels in active disease RA T cells especially in the synovial
fluid and in the peripheral blood. This was observed more frequently on CD4+ cells, but
also on CD8+ cells (17). In addition, it was observed by Bommarito et al., that PD-1+

T cells from RA patients were resistant to inhibition with a PD-1 ligand (19). Another
interesting manuscript, highlighted a novel regulatory T cell subset that was deficient

in inhibitory function, and these cells were PD-1+, CTLA-4+ and CD28 + (18). Other
co-inhibitory receptors have been reported on synovial T cells, such as PD-1 TIM3 and
TIGIT. Interestingly, the same authors also reported that PD-1 may be transferred to other
cells via extracellular vesicles (32). Others have shown that PD-1 levels are upregulated

in response to chronic antigen presentation in situations of autoimmunity (8, 17). Here we
add elevated SAP levels as a potential mechanism to block PD-1 function. CD28 has been
recently described as a signaling partner of PD-1 and we report that the function of PD-1 is
interrupted by SAP binding to the proximal tyrosine residue on CD28, making it unavailable
for downstream PD-1 mediating phosphatases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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RA patients with active disease have high levels of PD-1 and CD6&9 on
synovial T lymphocytes.

Peripheral T lymphocytes from RA patients have high levels of PD-1 and
SAP.

SAP binds to the proximal tyrosine residue on CD28, thereby abolishing
PD-1 effect.

Mutation of the proximal tyrosine on the CD28 tail abolishes PD-1 function.
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Figure 1. Patients with RA exhibit increased PD-1 levels in T cells from different compartments

and correlate with disease activity.

(A) PBMC from healthy donors or patients with RA were analyzed by flow cytometry for
the expression of PD-1 and CD69 levels. DAS28 scores were calculated based on data from
clinical charts, divided into moderate (DAS>3.2-5.1) and severe (DAS>5.2) and correlated
with the expression levels of both PD-1 and CD69. Healthy controls: n=10, RA patients: n=
20, p values are as indicated. (B) A representative two-dimensional flow cytometry plot of
PD-1 and CD69 from RA patient peripheral blood (PB) and synovial fluid (SF). Percentages
in each quadrant are shown. (C) Quantification of PD-1 and CD69 expression levels, as
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measured by flow cytometry, from matched T cells isolated from peripheral blood (PB) and
matched synovial fluid (SF) of 8 RA patients. Data is shown as percentage (%) and as MFI
(mean fluorescence intensity), p values are as indicated in the figure based on calculated
ttest.
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Figure 2. SAP binds CD28 in Y173 dependent fashion.
(A) PBMC were isolated from 10 healthy controls and 20 patients with active RA and

the levels of SAP expression were evaluated by flow cytometry. DAS were calculated as
described in the method section. Moderate disease is defined as DAS 3.2-5.1 and severe
disease is defined as DAS >5.2. Correlation between DAS scoring and SAP levels were
calculated and Pearson coefficient (r2) is shown. (B) mCherry-SAP and CD28-GFP were
over expressed in Jurkat T cells prior to stimulation as indicated. Images were acquired
on live cells; representative cells are shown. 20 cells were counted in three independent
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experiments, average percentage of cells showing the dominant phenotype are shown. (C)
Jurkat T cells overexpressing different versions of CD28-GFP were treated with pervanadate
(at concertation of 100 uM) for 5 minutes and lysed. CD28 were pulled downs using
anti-GFP antibodies. Whole cell lysate and the immune precipitate were blotted for SAP and
GFP. A representative western blot is shown, n=3. (D) Jurkat T cells expressing different
versions of CD28 were stimulated as indicated. IL-2 levels in the supernatant were measure
by ELISA after 24 hours, n=3, £ SEM, ns not significant, * p<0.05, ** p<0.001. (E) A
diagram showing the role of SAP blocking CD28 tyrosine 173 dephosphorylation by SHP2.
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Table 1.
Patient characteristics.
Patient | Age | Sex | Disease Duration | Medications DAS28 | Seropositive (RF and Erosive
CCP)
1 62 F 12y Prednisone 5 mg daily 5.92 Both Yes
2 36 M 5y none 5.86 Both N/A
3 49 F 26y none 6.34 Both Yes
4 57 F 6y HCQ 400 mg daily 4.74 Both Yes
5 26 F New dx none 4.6 Both No
6 44 M 9y Prednisone 15 mg daily 6.14 Both Yes
7 29 F 9y Adalimumab 40 mg biweekly 6.1 Both Yes
8 48 F New dx none 4.5 Both No
9 49 F New dx none 5.96 Both No
10 66 M 2y none 6.95 Both Yes
11 56 F 5y RTX, MTX 10 mg weekly 4.8 Both Yes
12 36 F 4y MTX 15mg weekly, Prednisone 15 mg 5.77 Both Yes
daily

13 34 F N/A N/A 5.2 Both N/A
14 53 F N/A N/A 6.1 Both N/A
15 55 F N/A N/A 6.9 Both N/A
16 22 F N/A N/A 4.2 Both N/A
17 50 F N/A N/A 4.1 Both N/A
18 32 F N/A N/A 6.3 Both N/A
19 49 M N/A N/A 6.6 Both N/A
20 28 F N/A N/A 7.0 Both N/A

DAS28 disease activity in 28 joints; HCQ hydroxychloroquine; SC subcutaneous; RTX rituximab, MTX methotrexate, RF rheumatoid factor; CCP

cyclic citrullinated protein.
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