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A B S T R A C T

The mechanisms whereby autoreactive T cells escape peripheral tolerance establishing thus autoimmune dis-
eases in humans remain an unresolved question. Here, we demonstrate that autoreactive polyfunctional CD8+ T
cells recognizing self-antigens (i.e., vimentin, actin cytoplasmic 1, or non-muscle myosin heavy chain 9 epitopes)
with high avidity, counter-regulate Tregs by killing them, in a consistent percentage of rheumatoid arthritis (RA)
patients. Indeed, these CD8+ T cells express a phenotype and gene profile of effector (eff) cells and, upon
antigen-specific activation, kill Tregs indirectly in an NKG2D-dependent bystander fashion in vitro. This data
provides a mechanistic basis for the finding showing that AE-specific (CD107a+) CD8+ T killer cells correlate,
directly with the disease activity score, and inversely with the percentage of activated Tregs, in both steady state
and follow-up studies in vivo. In addition, multiplex immunofluorescence imaging analyses of inflamed synovial
tissues in vivo show that a remarkable number of CD8+ T cells express granzyme-B and selectively contact
FOXP3+ Tregs, some of which are in an apoptotic state, validating hence the possibility that CD8+ Teff cells can
counteract neighboring Tregs within inflamed tissues, by killing them. Alternatively, the disease activity score of
a different subset of patients is correlated with the expansion of a peculiar subpopulation of autoreactive low

https://doi.org/10.1016/j.jaut.2019.02.001
Received 7 January 2019; Received in revised form 5 February 2019; Accepted 5 February 2019

Abbreviations: TCRs, T cell receptors; Treg, regulatory T cell; N, naïve; eff, effector; VIME, vimentin; ACTB, actin cytoplasmic 1; MYH9, non-muscle myosin heavy
chain 9; AE, apoptotic epitope; HDs, healthy donors; DCs, dendritic cells; L, ligand; RA, rheumatoid arthritis; TNF, tumor necrosis factor; NRs, non-responders; Rs,
responders; ACR, American College of Rheumatology; DMARDs, disease-modifying anti-rheumatic drugs; DAS28, Disease Activity Score 28 joints; EULAR, European
League Against Rheumatism; R, receptor; SF, synovial fluid; MFI, mean fluorescence intensity; IHC, immunohistochemical; IF, immunofluorescence; CMV, cyto-
megalovirus; FITC, fluorescein isothiocyanate; PI, propidium iodide; EM, effector memory; EMRA, effector memory RA+; APC, allophycocyanin; FSC-A, forward
scatter area; SSC-A, side scatter area; CTLA-4, Cytotoxic T-Lymphocyte Antigen-4; PD-1, programmed death-1; IFN, interferon; p, phosphorylated; GZM, granzyme;
CFSE, carboxyfluorescein succinimidyl ester; FC, flow cytometry; NKG2D, NK group 2 member D; MTE, Multiplexed Target Enrichment; N-HDs, naïve in healthy
donors; N-Ps, naïve in patients; Eff-HDs, effector cells in healthy donors; Eff-Ps, effector cells in patients; CDF, cumulative distribution function; PCA, principal
component analysis; RF, rheumatoid factor; ACPA, anti-citrullinated protein antibody; CRP, C reactive protein; ESR, erythrocyte sedimentation rate; Eomes,
Eomesodermin; T-bet, transcription factor T-box; CB, cord blood; pa, partially activated; TMNP, memory T cells with a naive phenotype; act, activated

∗ Corresponding author. Dipartimento di Medicina Interna e Specialità Mediche, Sapienza Università di Roma, 00161, Rome, Italy.
E-mail address: vincenzo.barnaba@uniroma1.it (V. Barnaba).

1 These authors contributed equally to this work.

Journal of Autoimmunity 99 (2019) 81–97

Available online 16 February 2019
0896-8411/ © 2019 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/08968411
https://www.elsevier.com/locate/jautimm
https://doi.org/10.1016/j.jaut.2019.02.001
https://doi.org/10.1016/j.jaut.2019.02.001
mailto:vincenzo.barnaba@uniroma1.it
https://doi.org/10.1016/j.jaut.2019.02.001
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jaut.2019.02.001&domain=pdf


avidity, partially-activated (pa)CD8+ T cells that, despite they conserve the conventional naïve (N) phenotype,
produce high levels of tumor necrosis factor (TNF)-α and exhibit a gene expression signature of a progressive
activation state. Tregs directly correlate with the expansion of this autoreactive (low avidity) paCD8+ TN cell
subset in vivo, and efficiently control their differentiation rather their proliferation in vitro. Interestingly, auto-
reactive high avidity CD8+ Teff cells or low avidity paCD8+ TN cells are significantly expanded in RA patients
who would become non-responders or patients who would become responders to TNF-α inhibitor therapy, re-
spectively. These data provide evidence of a previously undescribed role of such mechanisms in the progression
and therapy of RA.

1. Introduction

The central mechanism of T cell tolerance in the thymus does not
impede a huge number of autoreactive T cells (i.e., those with low af-
finity/avidity T cell receptors [TCRs]) from migrating to the periphery
[1–3]. Therefore, additional mechanisms of tolerance are required to
avoid autoimmunity in the periphery [4], including the emergence of
functional regulatory T cells expressing the X-linked transcription factor
FOXP3 (Tregs) [5,6]. Tregs can prevent the differentiation of auto-
reactive T naïve (N) cells into detrimental effector (eff) cells, or limit
the excessive immunopathology by Teff cells, through a wide range of
immunosuppressive mechanisms [7,8]. In addition, Tregs maintain self-
tolerance by inducing anergy of autoreactive TN cells in healthy in-
dividuals [9]. How autoreactive Teff cells can escape Treg control es-
tablishing thus autoimmune diseases in humans, however, remains an
open question.

To address this issue, we built on our previous research demon-
strating the presence of autoreactive CD8+ T cells specific to a wide
repertoire of self-antigenic determinants derived from apoptotic T cells
(including vimentin [VIME], actin cytoplasmic 1 [ACTB], and non-
muscle myosin heavy chain 9 [MYH9], from this point onward referred
to apoptotic epitopes [AEs]) in both healthy donors (HDs) and (to a
significantly higher extent) in patients with various forms of chronic
inflammatory diseases [10–14]. AE-specific CD8+ T cells are induced as
a result of cross-priming by CD40+ dendritic cells (DCs) that had pre-
viously phagocytosed CD40 ligand (CD40L)+ apoptotic T cells (in turn
derived from CD40L+ activated T cells infiltrating inflamed tissues),
processed caspase-cleaved cellular proteins, and cross-presented the
resulting AEs on MHC class I molecules [13,15–18].

Rheumatoid arthritis (RA) is a prototypical human autoimmune
disease principally characterized by severe and destructive in-
flammatory polyarthritis [19]. Complex interactions among genetic,
immunologic, and environmental factors play a role in RA development
[19–24]. Clinical evidence showed that various therapeutic antibodies
neutralizing inflammatory cytokines (e.g., tumor necrosis factor [TNF]-
α, IL-1, IL-6, IL-17) or blocking some related receptors benefit a sig-
nificant percentage of patients [19,25,26]. In particular, anti-TNF
therapies have revolutionized the disease progression and cure of RA
[19,25,26]. However, 20%–40% RA patients result non-responders
(NRs) to therapy with any anti-TNF-α reagent [25]. Since both patients
who become responders (Rs) and those resulting NRs show similar
disease activity scores and duration of disease before the start with this
therapy, it is reasonable to hypothesize that divergent im-
munoregulatory mechanisms may contribute to the development of the
R or NR state. AE-specific CD8+ T cells correlate with RA progression
and have been proposed to represent a unique predictive biomarker
discriminating patients who become Rs or NRs following TNF-α in-
hibitor therapies [10]. The spreading of these responses can amplify
immunopathology [10,11,13–18], likely as a consequence of a primary
(i.e., self- or pathogen-specific) immune response initiating RA [27,28].
Autoantibodies to both native and citrullinated forms of some of these
cellular proteins represent the master biomarkers of autoimmunity in
RA [29,30].

In this study, we provide evidence both for the molecular me-
chanisms licensing AE-specific CD8+ Teff cells to be resistant to Treg

suppression, and for their impact in the progression and therapy of RA.

2. Material and methods

2.1. Study population

Fifty-one HLA-A2+ biologic-naïve RA (in accordance with the 1987
American College of Rheumatology [ACR] criteria) patients, who had
shown an unsatisfactory response to conventional disease-modifying
antirheumatic drugs (DMARDs) including methotrexate (associated or
not associated with other anti-inflammatory/immunosuppressive
drugs), were included in the study (Table 1). 39 patients were sub-
mitted to subsequent treatment with etanercept (50mg per week), and
12 with adalimumab (40mg every other week), in association with
methotrexate. Clinical response was set as an improvement of the Dis-
ease Activity Score 28 joints (DAS28) > 0.6 (moderate response) after
four months of therapy in accordance with the European League
Against Rheumatism (EULAR) response criteria [31,32]. Of 51 patients,
33 would become Rs and 18 NRs to anti-TNF therapies (Table 1). 33
patients were enrolled in the Dipartimento di Medicina Interna e Spe-
cialità Mediche – Sapienza Università di Roma: PBMCs from these pa-
tients were used for the majority of analyses. The remaining 18 patients
were enrolled in the Dipartimento di Scienze e Biotecnologie Medico-
Chirurgiche – Sapienza Università di Roma. The latter were enrolled

Table 1
Demographic and clinical characteristics of enrolled RA patients.

All Respondersa Non-
respondersa

Number of patients 51 33/51 18/51
Gender F/M 45/6 29/4 16/2
Age, years range 57.5 36–84 55.2 36–84 60.6 39–77
Disease duration, months

range
96.4 6–300 88.6 6–240 107.8 9–300

ESR (T0) range 25.6 2–78 26.1 2–62 25.1 5–78
CRP (mg/dl) (T0) range 1.0 0–1.4 1.0 0–1.2 0.9 0.14–1.4
DAS28-ESR ± SD (T0)

range
4.8 ± 1.1
1.26–7.1

4.8 ± 1.3
1.26–7.1

4.7 ± 0.9
2.9–6.1

DAS28-CRP ± SD (T0)
range

4.3 ± 1.3
2.3–8.3

4.2 ± 1.4
2.3–7.0

4.3 ± 1.1
2.9–8.3

DAS28-ESR ± SD (T4)
range

3.4 ± 1.2
0.49–5.51

2.9 ± 0.9
0.49–4.45

4.2 ± 1.1
1.99–5.51

DAS28-CRP ± SD (T4)
range

3.2 ± 1.6
1.03–7.5

2.4 ± 1.6
1.03–4.20

4.1 ± 1.4
2.36–7.5

RF (pos/neg/ND) 31/14/6 22/7/4 9/7/2
ACPA (pos/neg/ND) 29/14/8 21/8/4 8/6/4
HAQ (T0) 1.0 0.9 1.1
Etanercept 39 24 15
Adalimumab 12 9 3

T0= time before the start of treatment with biological disease-modifying an-
tirheumatic drugs (bDMARDs; etanercept or adalimumab); T4=time after 4
months of treatment with bDMARDs; ESR=erytrocyte sedimentation rate;
CRP = C-reactive protein; DAS28=Disease Activity Score in 28 joints;
RF=rheumatoid factor; ACPA=anti-citrullinated protein antibodies;
HAQ=health assessment questionnaire; SD=standard deviation; ND=not
detected.

a Patients who develop into Responders or Non-responders to TNF-α in-
hibitor therapies.
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later for analyzing correlations between AE-specific CD8+ T cells pro-
ducing TNF-α in response to relevant epitopes and TNF receptor (R)2+

Tregs (see Fig. 5D and E), or between AE-specific CD8+ T cells ex-
pressing CD107a in response to relevant epitopes and actTregs, for the
longitudinal analyses during the course of anti-TNF therapy (see Fig. 8).
In addition, synovial fluid (SF)-derived mononuclear cells and the
corresponding PBMCs were obtained from four independent RA pa-
tients with severe disease activity at the baseline. Thirty HLA-A2+ age-
matched and sex-matched HDs were included in the study as controls.
The immunohistochemical (IHC) and multiplex immunofluorescence
(IF) analyses were performed on selected paraffin-embedded synovial
tissue samples from 7 patients with severe RA obtained by Divisione di
Reumatologia, Dipartimento di Medicina Interna e Terapia Medica,
Fondazione IRCCS Policlinico “San Matteo”, Università di Pavia. All
patients and donors provided written informed consent before sam-
pling, in accordance with the Declaration of Helsinki, and the study
protocol was approved by the Sapienza Università di Roma – Azienda
Policlinico Umberto I research ethics committee (n.3202/15.05.2014).

2.2. Synthetic peptides

The synthetic peptides MYH9478-486 (QLFNHTMFI), MYH9741-749
(VLMIKALEL), VIME78-87 (LLQDSVDFSL), VIME225-233 (SLQEEIAFL), or
ACTB266-274 (FLGMESCGI), were prepared based on the sequence of
caspase-cleaved proteins that had been identified by the proteomic
analyses of apoptotic T cells, as described previously [13]. All the
peptides were synthesized and selected for their capacity to bind the
HLA-A2 molecule [13]. The cytomegalovirus (CMV)pp65 (NLVPMV-
ATV) peptide was purchased from Chi Scientific (Maynard, USA).

2.3. Cell preparation, purification, and sorting

PBMCs were isolated from fresh heparinized blood by density gra-
dient centrifugation with Lympholyte (Cedarlane, Burlington, Canada)
and collected in complete RPMI medium containing 10% heat-in-
activated FBS (HyClone GE Healthcare Life Sciences, Utah, USA), 2 mM
L-glutamine (Sigma-Aldrich, St. Louis, MO), penicillin/streptomycin
(EuroClone, Milan, Italy), non-essential amino acids (EuroClone), and
sodium pyruvate (EuroClone). Similarly, MNCs were isolated from SFs.
Spontaneous apoptosis of T cells was determined by staining fresh
PBMCs with mAbs to CD3 and CD40L and with fluorescein iso-
thiocyanate (FITC)-labelled Annexin V (BioLegend, San Diego, CA), and
propidium iodide (PI) (antibody details reported in Table S1). Highly
purified CD8+ TN (CCR7+CD45RA+) cells and Tregs were isolated
from HLA-A2+ PBMCs by magnetic bead-separation with the Naïve
CD8+ T Cell Isolation Kit (Miltenyi Biotec, Bergisch Gladbach, Ger-
many) and the CD4+CD25+ Regulatory T Cell Isolation Kit (Miltenyi
Biotec), respectively. The combination of highly purified CD8+ T ef-
fector memory (EM; CCR7–CD45RA–) and effector memory RA+

(EMRA; CCR7–CD45RA+) cell population was obtained by using the
positive fraction after enrichment of CD8+ TN cells. Each purified cell
subset was used in the various experiments only when the purity of the
corresponding cells was> 96% and 90% for CD8+ T cell populations
and Tregs, respectively. To sort AE-specific CD8+ TN or EM + EMRA
cells used for gene-expression profile determination, CD8+ T cells were
pre-enriched from PBMCs of patients and HDs with the CD8+ T Cell
Isolation Kit (Miltenyi Biotec), stained with Fixable Viability Dye
eFluor780 (eBioscience, Massachusetts, USA), the pool of allophyco-
cyanin (APC)-labelled-HLA-A*0201 dextramers complexes to AEs and
mAbs to CD8, CD45RA, and CCR7, and a dump channel, as described
previously (antibody details reported in Table S1). After 20min at 4 °C,
cells were washed, resuspended in PBS containing 2%FBS and sorted
using a FACSAria III (BD Biosciences, San Jose, CA) equipped with
488 nm, 561 nm and 633 nm laser and FACSDiva software (BD Bios-
ciences version 6.1.3). Data were analyzed using FlowJo software (Tree
Star, San Carlos, CA). Briefly, cells first gated based on forward and side

scatter area (FSC-A and SSC-A) plot to identify the population and
doublets exclusion by plotting the width against the area of FSC and
SSC parameters, were then detected for specific fluorochromes in order
to obtain Naïve (CD45RA+CCR7+) and EM + EMRA (CD45RA–/

+CCR7–) subsets from both the dextramer-positive and dextramer-ne-
gative fractions. Following isolation, an aliquot of tubes of the collected
cells was evaluated for purity at the same sorter resulting in an en-
richment> 98–99% for each sample.

2.4. HLA class I dextramer/peptide complexes and antibodies

PBMCs were first stained with Fixable Viability Dye eFluor780 for
the exclusion of dead cells (PBS, 30 min at room temperature). After
washing, cells were incubated with the pool of APC-labelled-HLA-
A*0201 dextramers complexed with MYH9478-486 (QLFNHTMFI),
MYH9741-749 (VLMIKALEL), VIME78-87 (LLQDSVDFSL), VIME225-233
(SLQEEIAFL), or ACTB266-274 (FLGMESCGI) peptides, as well as with
APC-labelled-HLA-A*0201 dextramers complexed with the cytomega-
lovirus (CMV)pp65 (NLVPMVATV) peptide (IMMUDEX, Copenhagen,
Denmark). A negative control dextramer, conjugated to irrelevant
peptide (ALIAPVHAV), was used (Immudex) to set up the dextramer-
positive gate. The incubation was performed in PBS containing 2% FBS
at room temperature for 10min. After washing multiparametric surface
staining was performed, which involved incubating the cells with the
labelled mAbs to CD8, CD45RA, CCR7, CD11a, HLA-DR, CD62L, CD69,
CD95, Cytotoxic T-Lymphocyte Antigen (CTLA)-4, and programmed
death (PD)-1, and with a cocktail of labelled mAbs to CD14, CD16,
CD56, CD19, and with Fixable Viability Dye eFluor 780 (dump channel
was included for the exclusion of monocytes, NK cells, and B cells, re-
spectively; antibody details reported in Table S1) for 20min at 4 °C.
Cells were acquired with LSRFortessa cytometer (BD Biosciences) and
analyzed with FlowJo software version 10.0.8r1 (Tree Star, San Carlos,
CA).

2.5. Intracellular staining

PBMCs were incubated with or without the peptides (20 μg/mL of
AE pool or 10 μg/mL of CMV peptide) plus anti-CD28 mAb (1 μg/mL)
(BD Biosciences) and the Protein Transport Inhibitor Cocktail (Brefeldin
A and Monensin; eBioscience), or with the Cell Stimulation plus Protein
Transport Inhibitor Cocktail (eBioscience) as a positive control, and
mAb to CD107a for degranulation analysis, for 6 h at 37 °C. After an-
tigen stimulation, cells were washed and stained with Fixable viability
Dye (eFluor780), the pool of APC-labelled-HLA-A*0201 dextramers
complexed with the corresponding peptides, followed by surface
staining with mAbs to CD8, CD45RA, and CCR7, and the dump channel
as reported previously (antibody details reported in Table S1). Cells
were fixed and permeabilized using the BD Cytofix/Cytoperm Fixation/
Permeabilization Solution Kit (BD Biosciences) at 4 °C for 20 min,
washed, and stained with mAbs to interferon (IFN)-γ and TNF-α (BD
Perm/Wash buffer, BD Biosciences) for 20 min at 4 °C. For phos-
phorylated (p)ZAP70 staining, cells (following antigen stimulation as
described previously), were stained with the pool of APC-labelled-HLA-
A*0201 dextramers, fixed with BD Cytofix/Cytoperm Fixation/Per-
meabilization Solution Kit (BD Biosciences) at 4 °C for 20 min, and then
underwent surface staining with mAbs to CD8, CD45RA, and CD27, and
the dump channel as reported previously (antibody details reported in
Table S1). Next, cells were treated with pre-chilled Phospho Flow Perm
Buffer III (BD Biosciences) for 30min at 4 °C, and stained with mAb to
pZAP70 (antibody details reported in Table S1) in PBS containing 2%
FCS for 30min at room temperature. Tregs were analyzed by surface
staining with mAbs to CD4, CD127, CD25, and CD45RA, fixation and
permeabilization (FOXP3/Transcription Factor Staining Buffer Set;
eBioscience) and subsequent intra-nuclear staining with mAb to FOXP3
(antibody details reported in Table S1). Cells were washed, acquired
with an LSRFortessa cytometer, and analyzed with FlowJo software

I. Cammarata, et al. Journal of Autoimmunity 99 (2019) 81–97

83



version 10.0.8r1 (Tree Star). For the evaluation of intra-nuclear mole-
cules (after surface staining), unstimulated PBMCs were fixed and
permeabilized with the FOXP3/Transcription Factor Staining Buffer Set
in accordance with the manufacturer's instructions. Upon washing, cells
were stained with anti-human mAbs to Eomes, T-bet, and Ki67 (anti-
body details reported in Table S1), and diluted in the eBioscience
permeabilization buffer for 30min at room temperature. Following
surface staining, stainin with mAb to granzyme (GZM)B (antibody de-
tails reported in Table S1) was performed with the Cytofix/Cytoperm
Fixation/Permeabilization Solution Kit (BD Biosciences). Cells expres-
sing cytokines or nuclear molecules were analyzed in CD8+dextramer+

cells after exclusion of B cells, monocytes, natural killer T cells, NK
cells, and CD4+ T cells (dump channel).

2.6. Suppression assays

Highly purified autologous CD8+ TN cells were labelled with 10 μM
of carboxyfluorescein succinimidyl ester (CFSE) (Thermo Fisher
Scientific, Massachusetts, USA) for 15min at 37 °C. Then, they were co-
cultured with both autologous γ-irradiated (70Gy) PBMCs as APCs (at a
1:1 ratio), which had previously been pulsed or not with 20 μg/mL of
AE pool plus 1 μg/mL of anti-CD28 mAb, and highly purified Tregs,
which had previously been stained with 5 μM of CellTrace Violet (Cell
Proliferation Kit, Thermo Fisher Scientific) at different CD8:Treg ratios
(100:1, 10:1, 4:1, and 1:0), in RPMI complete medium containing 5%
human serum AB, in 96-well plate (round bottom). Cells were cultured
for 7 days, and half of the medium was replaced with fresh medium
containing 20 IU/mL of IL-2 at day 4. In parallel, the same experiment
was performed with highly purified CD8+ TEM + EMRA cells by using
the positive fraction after enrichment of CD8+ TN cells. Cells were
stained with Fixable Viability Dye eFluor780, dextramers and mAbs to
CD8, CD4, CCR7, CD45RA and FOXP3 as reported previously (antibody
details reported in Table S1). The same experiment was performed with
CMV-pp65 (NLVPMVATV) CD8+ T cells. The percentage of Treg-
mediated suppression was calculated using the following formula:
%Treg suppression = (MFI CFSE-stained AE-CD8+ T cells with Tregs –
CFSE-stained AE-CD8+ T cells without Tregs)/(MFI CFSE-stained AE-
CD8+ T cells with Tregs) x 100.

2.7. Flow cytometry (FC)-based bystander killing assay

Highly purified CD8+ TEM + EMRA or TN cells were stained with
10 μM of CFSE and co-cultured with autologous γ-irradiated (70Gy)-
PBMCs (1:1 ratio), which had previously been pulsed (or not) with
20 μg/mL of AE pool plus 1 μg/mL of anti-CD28, and highly purified
allogeneic (HLA-A2–) Tregs, which had previously been stained with
5 μM of CellTrace Violet (CellTrace Cell Proliferation Kit). CD8+ T cells
and Tregs were co-cultured (or not) at a ratio of 10:1 for 7 days in
complete RPMI medium containing 5% human serum AB; at day 3, half
of the medium was replaced with fresh medium plus 20 IU/mL of IL-2.
To investigate the GZMB-mediated killing effect of CD8+ TEM+ EMRA
on Tregs, we performed the assays in the presence of GZMB inhibitor
(Santa Cruz Biotechnology, Dallas, USA) or NK group 2 member D
(NKG2D) neutralizing Ab (R&D Systems, Minneapolis, USA).
Specifically, Tregs were treated (or not) with 20 μM of GZMB inhibitor
for 1 h at 37 °C, and CD8+ TEM + EMRA cells were treated with 1 μg/
1 × 106 of NKG2D neutralizing Ab for 15min at room temperature.
Cells were then stained, as reported previously.

2.8. FC-based direct killing assay

Highly purified CD8+ T cells were co-cultured with autologous γ-
irradiated (70Gy)-PBMCs (1:1 ratio) as APCs, which had previously
been pulsed (or not) with 20 μg/mL of AE pool plus 1 μg/mL, in com-
plete RPMI medium containing 5% human serum AB. After 3 days half
of the cell culture medium was replaced with fresh medium plus 50 IU/

mL of IL2 after 3 days. After 6 days, CD8+ T EM + EMRA cells, used as
effector (E) cells, were enriched by magnetic bead separation, as de-
scribed previously, and purity of enriched cells (> 96%) was checked
with an LSRFortessa cytometer. Highly purified autologous Tregs were
used as target (T) cells (purity ≥90%). Tregs were separated and
stained with two different concentrations of CFSE: 10 μM (CFSEhigh) or
0.5 μM (CFSElow). Only the CFSElow fraction was pulsed for 45min with
20 μg/mL of AE pool at 37 °C. CFSE high and low fractions were mixed
at a 1:1 ratio and seeded in co-culture with pre-activated CD8+

TEM + EMRA cells [33] at different ratios (10:1, 5:1, 1:1, 0.1:1, 0:1),
keeping the number of target cells fixed. After co-culturing for 6 h at
37 °C, cells were stained with Fixable Viability Dye eFluor780 for the
enumeration of dead cells. After washing, cells were incubated with the
pool of dextramers complexed with AE, and stained with mAbs to CD8,
CD4, CD127 and FOXP3, as described previously. The percentage of
specific killing was calculated using the formula: %specific killing=1 –
[MFI (CFSElow/CFSEhigh) with E/(CFSElow/CFSEhigh) without E] x 100.
To investigate the involvement of GZMB in direct killing, target cells
were treated with 20 μM of GZMB inhibitor for 1 h at 37 °C before CFSE
staining.

2.9. Nanostring

The RNeasy Plus Micro Kit (Qiagen, Hilden, Germany) was used to
extract RNA from 130 sorted cells from all samples. Samples were
stored at −80 °C until the assays were performed. Gene expression
profiling was carried with the nCounter® Single Cell Human
Immunology v2 Kit (Nanostring Technologies, Washington, USA) which
relies on the Multiplexed Target Enrichment (MTE) system. The use of
MTE primers enables specific and linear enrichment of up to 800 targets
in a single sample. The nCounter® Single Cell Human Immunology v2
Kit contains fluorescent barcoded probes that are complementary to
both 571 immune-response and inflammation–associated genes, and 13
housekeeping genes (used as internal controls). Moreover, it provides 8
negative controls and 6 positive controls at different concentrations, so
as to check the performance of each experiment and to correct any
differences in preparation, hybridization and reagent dispensation. In
accordance with the experimental protocol, 4 μL of total RNA was in-
cubated with 1 μL of SuperScript VILO Master Mix (Invitrogen, Life
Technologies, Carlsbad, CA) at 25 °C for 10min, then at 42 °C for
60min, and finally at 85 °C for 5min to perform RNA reverse tran-
scription. Then, cDNA was denaturated at 94 °C for 10min and, after
the addition of 1 μL of pooled MTE primers and 5 μL of TaqMan Pre
Amp Master Mix (Applied Biosystems, Life Technology), amplified by
18 PCR cycles at 94 °C for 15 s and 60 °C for 4min. After denaturation
(94 °C for 2min, then on ice), the amplification product was hybridized
for 18 h at 65 °C in the presence of both reporter and capture probes.
The nCounter Prep Station was then used to purify and immobilize the
resulting hybrid onto the internal surface of a cartridge. To quantify
mRNA targets, each cartridge was scanned in 550 field-of-view by
means of the automatic nCounter Digital Analyzer. To perform gene
expression analysis, raw count data were preprocessed with the
NanoStringNorm R package [34], a set of tools for normalizing, running
diagnostics, and visualizing NanoString nCounter data. Specifically,
geometric mean-based scaling normalization was performed to account
for technical assay variation, which involved choosing the “geo.mean”
setting in the CodeCount R option. The background subtracted from
each sample was calculated by setting “mean.2 s d” in the background
option. The method used to normalize for RNA content (i.e., pipetting
fluctuations) entailed selecting the “housekeeping.geo.mean” setting in
the Sample Content R option via all internal annotated housekeeping
genes. All data were grouped in four classes based on cell sample
subtype: naïve in healthy donors (N-HDs), naïve in patients (N-Ps),
effector cells in healthy donors (Eff-HDs), and effector cells in patients
(Eff-Ps). We did not consider genes that are not expressed in any
sample, thereby excluding them from further analysis. This resulted in
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an analysis set of 401 unique genes and 26 samples. Finally, normalized
data were log2 transformed and used for downstream analyses. The
expression profiles (in NanoString counts) of relevant gene sets were
analyzed through heat-map representation. To perform cluster analysis,
we chose the hierarchical agglomerative clustering procedure, which
has a bottom-up approach. This procedure involved using Ward's
method and a Euclidean distance metric. Ward's method, essentially,
looks at cluster analysis as an analysis of variance problem, starting out
with n clusters of size 1 and continuing until all the observations are
included into one cluster. Hierarchical clustering of samples and genes
was performed with the “heatmap.2” R function by employing “gplot”
and “dendextend” packages [35]. Each cell was colored to reflect
quantitatively the relative expression, in NanoString counts, to assist in
visualizing expression changes. We calculated the cumulative dis-
tribution function (CDF) by applying the “ecdf” R function of the “stats”
library to a data sample, thereby generating a function representing the
empirical CDF. The CDF indicates the probability that a random variate
X takes on a value less than or equal to x. The CDF takes on values in the
interval [0,1]. To test for the equality of two cumulative density func-
tions, we performed a Kolmogorov-Smirnov test by using the “ks.test”
function in R. Differences between CDF were considered significant at
p < 0.01. Next, principal component analysis (PCA) was used to
identify expression profiles that accounted for the majority of the var-
iance (in expression) between the 26 cell subset. Our expression data set
(in NanoString counts) was organized in a matrix composed by 26
columns and 401 rows where each row corresponds to a different gene

and each column corresponds to one of 26 samples whose immunology-
related transcripts pattern was characterized. The first three compo-
nents (PC1, PC2 and PC3) account for over 60% of the variance and the
first two account for 56% allowing most of the information to be vi-
sualized also in two dimensions if we consider dispersion of our data.
We performed PCA by using the built-in R function prcomp.

2.10. IHC and multiplex IF staining and acquisition

IHC and IF staining were performed in 2 μm of formaldehyde-fixed
paraffin embedded serial tissue sections following deparaffinization and
antigen retrieval as previously described [36]. For IHC, sections were
blocked with the avidin/biotin blocking system (Thermo Fisher Scien-
tific, Fremont CA, USA) according to the manufacturer's instructions
and then incubated (overnight at 4 °C) with primary antibodies (Table
S1). This step was followed by incubation with secondary antibodies
coupled with streptavidin alkaline phosphatase (Dako). Bound strep-
tavidin was detected with Fast Red chromogen substrate (Dako). Tissue
staining were counterstained with En Vision FLEX Haematoxylin
(Dako). Sections of normal tonsils were used as positive controls. Iso-
type-matched mouse mAbs were used as negative controls. Slides were
analyzed using an image analysis workstation (Nikon Eclipse E600).
The density of CD8+ and FOXP3+ T cells was recorded by two blinded
examiners as the number of positive cells per unit tissue surface area
(mm2). The mean of positive cells detected in 5 fields for each sample
was used in the statistical analysis. For IF, slides were blocked for

Fig. 1. AE-specific CD8+ T cells in RA patients who will (or will not) benefit from anti-TNF-α therapy. (A) Representative FC analysis of dextramer+CD8+ T cells
specific to AE in a R, a NR, or a HD. (B) Single dextramer+CD8+ T cells specific populations represented as percentage of dextramer+ AE-specific (AE)-CD8+ T cells
(left graph) and percentage of maximum (% of Max) (right graph), in HDs (n= 13), Rs (n= 14) and NRs (n= 11) (each symbol represents response to single
peptide). For each antigen, the % of Max was calculate setting the value of 100% to the maximum percentage of response, and then we normalized the other values.
(C) Sum of the percentages (left graph) and sum of the percentages of maximum (right graph) of all dextramer+CD8+ T cells detected in a single HD or patient (each
symbol is a single individual); ***p < 0.005, ****p < 0.0001 by the unpaired t-test.
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60min with 1% BSA and 5% normal goat serum and then each antibody
was added consecutively as follows. First, sections were incubated with
anti-FOXP3 Ab overnight at 4 °C, followed by 60min incubation with
Alexa Fluor 488 goat anti-mouse IgG. Next, slides were incubated with

anti-cleaved Caspase-3 overnight at 4 °C, followed by 60min incubation
with Alexa Fluor 594 goat anti-rabbit IgG. Finally, slides were in-
cubated with DyLight 550 anti-Granzyme overnight at 4 °C, followed by
40min incubation with mouse IgG and then 60min with Alexa Fluor

Fig. 2. Differentiation stages of AE-specific CD8+ T cells in HDs and RA patients. (A) The left graph shows percentage of the indicated CD8+ T cell subsets
(representative FC analyses in Fig. S 2, A-C) within the pool of dextramer+ CD8+ T cells specific to ACTB266-274, MYH9478-486, MYH9741-749, VIME78-87, and VIME225-
233 peptides (now referred to as AE-CD8+ T cells), from HDs (n=26), Rs (n= 15), or NRs (n= 11); the right graph shows the percentages of the indicated CD8+ T
cell subsets within the pool of dextramer+ AE-specific CD8+ T cells from HDs (n=26), and RF+/ACPA+ RA patients (Rs [n= 9], or NRs [n= 7]) Mean ± SD
values are reported for each group; ****p < 0.0001 by one-way ANOVA with Tukey's multiple comparison test. (B) The heat-map represents the mean of % cells
expressing the indicated markers, in cord blood cells (CBs, n= 5), or in AE-CD8+ T cells from HDs (n= 15), Rs (n=10), or NRs (n= 9): representative FC analyses
and Mean ± SD values in Fig. S 2, A-D. (C) The left graph shows a representative dot plot analysis of circulating CD40L+ apoptotic T cells within Annexin (Ann)V+

propidium iodide (PI)– CD3+ T cells from an HD, a R, or a NR; the right graph shows the percentage of CD40L+ apoptotic T cells from HDs (n=13), Rs (n=5) and
NRs (n= 6); *p < 0.05, **p < 0.01, ****p < 0.0001 by one-way ANOVA with Tukey's multiple comparison test. (D) The left and right graphs show the correlation
between the percentage of CD40L+ apoptotic T cells and frequency of AE-CD8+ TN or EM + EMRA cells, respectively, from HDs (n = 13), Rs (n = 5) or NRs
(n = 6); **p < 0.01, ****p < 0.0001 by Pearson correlation.
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647 anti-CD8. After staining, slides were counterstained for 5min with
Hoechst (H3570, Invitrogen) and coverslipped with 60% glycerol in
PBS. Confocal microscopy imaging was performed by Leica TCS-SP8X
laser-scanning confocal microscope (Leica Microsystems) equipped
with tunable white light laser source, 405 nm diode laser, 3 (PMT) e 2
(HyD) internal spectral detector channels. Sequential confocal images
were acquired using a HC PLAPO 40× oil immersion objective (1.30
numerical aperture, Leica Microsystems) with a 1024× 1024 image
format, scan speed 400 Hz.

2.11. Statistics

Statistical analyses were performed using Graph Pad Prism version
6.0 h. To perform multiple comparisons among HDs, Rs and NRs in

terms of subsets distribution, cytokine production and frequencies of
Tregs, we used by one-way ANalysis Of VAriance (ANOVA) test with
Tukey's multiple comparison test. The Pearson coefficient was used to
measure the goodness of correlation between activated apoptotic T cells
and subsets of AE-specific CD8+ T cells, percentages of actTregs, and
subsets of AE-specific CD8+ T cells. Analysis of pZAP70 in CD8+

TEM + EMRA cells from Rs and NRs was performed by unpaired
Student's t-test, and analysis of pZAP70 at different time points was
carried out with the multiple t-test. In vitro co-culture experiments of
AE-specific CD8+ T cells and Tregs with or without GZMB inhibitors
and NKG2D neutralization Abs were analyzed with paired t-test or one-
way Repeated Measures (RM) ANOVA with Sidak's multiple comparison
test. All statistical analyses were two-tailed. Significance was set at
p < 0.05.

Fig. 3. Diverse functions of AE-specific CD8+ T cells in Rs, and NRs. (A) The left graph shows the MFI of phosphorylated ZAP70 (pZAP70) in AE-CD8+ TN or
TEM+ EMRA cells from Rs (n = 6) or NRs (n = 5), following PBMC stimulation or not with the pool of AEs (20 μg/mL) for 30 min; *p < 0.05 by the unpaired t-test.
The right graph shows a representative analysis of pZAP70 MFI in AE-CD8+ TN or TEM + EMRA cells upon PBMC stimulation (or not) with the AE pool for 30 min.
(B) Time-course analysis of pZAP70 MFI in AE-CD8+ T cells from Rs (n=3) and NRs (n=4), following PBMC stimulation with 20 μg/mL (filled line) or 100 μg/mL
(dashed line) of AEs at different time points (the background [BG] was subtracted); *p < 0.05 by multiple t-test with Holm-Sidak method. (C) The left graph shows
representative contour plot FC analysis of CD107a+ cells both in AE-CD8+ TN cells from a R and in AE-CD8+ TEM + EMRA cells from a NR, after stimulation or not
with 20 μg/mL of AEs (6 h); the right graph shows percentage of CD107a+ cells in AE-CD8+ TN or TEM + EMRA cells from HDs (n = 3), Rs (n = 9), or NRs
(n = 12), upon stimulation (or not) with 20 μg/mL of AEs (the BG was subtracted). (D) Contour plot analysis of cytokines production by AE-CD8+ TN or EM+ EMRA
cells in response to AE pool stimulation in a representative R or a representative NR. (E) IFN-γ (left graph) or TNF-α (right graph) production by AE-CD8+ T cells,
after stimulation with 20 μg/mL of AEs, in HDs (n= 7), Rs (n=9) or NRs (n= 13) (the BG was subtracted). Each dot represents a single subject; *p < 0.05,
**p < 0.01, ***p < 0.005, ****p < 0.0001 by two-way ANOVA with Sidak's multiple comparison test.
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3. Data and software availability

Data source. Expression data are available at NCBI GEO:
GSE105162.

4. Results

4.1. Diverse differentiation stages of AE-specific CD8+ T cells in HDs, Rs,
and NRs

First, we confirmed by FC analysis that autoreactive CD8+ T cells
specific to ACTB266-274, MYH9478-486, MYH9741-749, VIME78-87, and
VIME225-233 peptides (as detected by dextramers of HLA-A*0201 mo-
lecules complexed with relevant peptides) were significantly more
abundant in HLA-A0201+ RA patients who would become Rs than in

those who would become NRs to anti-TNF therapy (etanercept, a re-
combinant fusion protein constituted by the extracellular domain of
human p75 TNFR2 and the Fc region of human IgG1, or adalimumab, a
human IgG1 anti-TNF antibody) (Fig. 1A-C), validating thus their usage
as a unique predictive biomarker of response to TNF-α inhibitor
therapies [10]. Then, more in depth FC analysis addressed to count
directly in vivo the percentages of N (CCR7+CD45RA+), CM
(CCR7+CD45RA–), EM (CCR7–CD45RA–), EMRA (CCR7–CD45RA+)
cells within the pool of AE-specific CD8+ T cells, in RA patients
(Table 1), or in HDs, showed that they were significantly confined
within the N population in HDs or in patients who would become Rs,
and within the EMRA population in patients who would become NRs
(Fig. 2A). The difference between NRs and Rs was also confirmed at the
level of the subsets of patients resulting simultaneously positive for
both rheumatoid factor (RF) and anti-citrullinated protein antibody

Fig. 4. Immune gene profiling of AE-specific CD8+ TN or CD8+ Teff cells performed with NanoString technology. (A) Samples can be broadly grouped in two clusters
according to the heat-map analysis, group A (AE-specific CD8+ TN cells from 5 HDs [N-HDs]) and group B (AE-specific CD8+ TN cells from patients including both
4 Rs and 5 NRs [N-Ps]; AE-specific CD8+ Teff cells from 4 HDs or patients including both 4 Rs and 4 NRs [Eff-HDs or Eff-Ps]). The relative abundance of transcripts is
indicated by the colour (yellow, high; blue, low). (B) Uncertainty in clustering is assessed via cumulative distribution function (CDF). Results for all classes are shown:
N-HDs resulted in a statistically significant separation p-value < 1×10ˆ (−16) from all the other classes. (C and D) CDF values calculated for sub-clusters that were
identified as having the ability to discriminate N-Ps compared with effector samples (Eff-HDs plus Eff-Ps) are shown. The two cumulative probability functions that
resulted were statistically different (p-value < 0.01 for both of them). (E) Projection of gene expression profiles onto the first two principal components (PCs)
identified by PCA replicates the separation of N-HDs from the remaining three cell types and weak separation of Eff-HDs, Eff-Ps and N-Ps detected by hierarchical
clustering. Samples from different cell subtypes are designated by the same colors as in B. (F) mRNA level of the indicated genes in N-HDs and N-Ps. (G and H) Bar
plot graphs show the log2 average mRNA level for genes belonging to sub-clusters I and II. On average, 19 of 26 genes in cluster I were upregulated in N-Ps (G)
compared with effector cells subtype classes, whereas 30 of 38 genes in cluster II were more expressed in effector cells than in N-Ps (H). The black dots indicate genes
in cluster I and II with an opposite expression level compared with the cluster expression profile. (I) mRNA expression levels of GZMB and TNF-α genes. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

I. Cammarata, et al. Journal of Autoimmunity 99 (2019) 81–97

88

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE105162


(ACPA) (Fig. 2A). No significant difference in disease activation score
(as calculated by the DAS28-C reactive protein [CRP] or DAS28-ery-
throcyte sedimentation rate [ESR]) or disease duration [32] was ob-
served between Rs and NRs before the start of the therapy (Table 1). No
difference was observed between etanercept- and adalimumab-treated
patients (data not shown). The evidence that patients who would be-
come NRs showed a preponderant accumulation of AE-specific CD8+

TEMRA cells that generally undergo contraction upon performing their
effector functions, may account for the significantly lower frequency of
the entire AE-specific CD8+ T cell population shown in NRs, as com-
pared with Rs (see Fig. 1A–C) [10]. AE-specific CD8+ TN cells ex-
pressed additional TN cell-related markers (CD127, CD62L, CD5high),
but not those related to effector (nuclear transcription factors Eome-
sodermin [Eomes], nuclear transcription factor T-box [T-bet], PD-1,
GZM-B) [37], anergic (CTLA-4) [9], or stem memory (CD95 and
CD11ahigh) [38] CD8+ T cells (Fig. 2B and Fig. S2A-D). A notable
number of them, but not the corresponding non-antigen-specific dex-
tramer– TN cells or cord blood (CB) mononuclear cells, expressed the

proliferation marker Ki67 significantly more in Rs than in HDs in vivo
(Fig. 2B and Fig. S2A-D). By contrast, AE-specific CD8+ T (EMRA or
EM) cells co-expressed markers related to differentiated CD8+ Teff cells
(CD11a, CD95, Eomes, T-bet, PD-1, GZM-B), but not those related to TN
cells (Fig. 2B and Fig. S2A-D). No difference was observed between
etanercept- and adalimumab-treated patients (data not shown). Circu-
lating CD40L+ apoptotic T cells (previously demonstrated both to re-
present a major source of AEs and to enable CD40+ DCs to perform
stimulatory functions via the CD40L/CD40 interaction [13,15–18])
were significantly more abundant in patients who would become NRs
than in those who would become Rs or in HDs, and more abundant in
Rs than in HDs (Fig. 2C). The CD40L+ apoptotic T cell percentage in-
versely correlated with the frequency of AE-specific CD8+ TN cells and
directly with that of AE-specific CD8+ TEM/EMRA cells in vivo, sug-
gesting a possible cause-and-effect relationship between these events
(Fig. 2D). AE-specific CD8+ T cells isolated from the SF of four RA
patients with high disease activity (NRs) were represented only by AE-
specific CD8+ Teff (EM + EMRA) cells (Fig. S3), without any presence

Fig. 5. Divergent correlations between activated Tregs and AE-specific CD8+ TN or CD8+ Teff cells. (A) Representative dot plot analysis of resting Tregs
(CD45RA+FOXP3low) and activated (act)Tregs (CD45RA–FOXP3high) from an HD, a R, or a NR. (B) Percentage of Tregs (left graph) or actTregs (right graph) in HDs
(n=13), Rs (n= 10), and NRs (n=12); *p < 0.05, ****p < 0.0001 by two-tailed Mann-Whitney test. (C) Correlation between the percentage of actTregs and the
frequency of AE-CD8+ TN (left graph) or TEM + EMRA (right graph) cells from HDs, Rs or NRs; **p < 0.01, ***p < 0.005 by the Pearson correlation. (D) The
upper graph shows representative dot plot analysis of TNFR2+ cells on actTregs of a RA patient; the lower graph shows representative dot plot analysis of TNFR2+

cells on total CD4+ T cells. (E) The left graph shows correlation between percentage of AE-CD8+ TN cells producing TNF-α in response to the AEs and percentage of
TNFR2+ cells in actTregs in HDs (n= 5), Rs (n= 5) and NRs (n= 4); the right graph shows correlation between percentage of AE-CD8+ TN cells producing TNF-α in
response to the AEs and disease activity (DAS28-CRP) on baseline in Rs (n = 8) and in NRs (n = 4); **p < 0.01, ****p < 0.0001 by Pearson correlation.
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of their naïve counterparts (as shown in the peripheral repertoire). This
data suggests that the lowest numbers of AE-specific CD8+ cells shown
in patients who would become NRs as compared to those who would
become Rs (see Fig. 1), is also due to the possibility that AE-specific
CD8+ Teff (EM + EMRA) cells (see Fig. 2A), are recruited to tissues
where they act as self-reactive effector cells (Fig. S3).

4.2. Diverse functions of AE-specific CD8+ T cells in Rs, and NRs

AE-specific CD8+ TEM + EMRA cells from patients who would
become NRs showed a significantly higher TCR avidity, as detected by
prompt tyrosine kinase ZAP70 phosphorylation in response to the pool
of AEs, compared with both their naïve counterparts, as well as com-
pared with the naïve or the minority of CD8+ TEM + EMRA cells from
Rs (Fig. 3A and B). This finding was supported by time-course analysis
with two concentrations of antigen (20 and 100 μg/mL) (Fig. 3B) as
well as by calculating the mean fluorescence intensity (MFI) values of
dextramers binding CD8+ T cells as a surrogate of TCR avidity (data not
shown). Notably, the significant difference in the response to 20 μg
antigen at 30min between R and NRs, disappeared over time, likely
because the 20 μg concentration is insufficient to deliver a sustained
TCR stimulus providing ZAP70 phosphorylation, in contrast to the
100 μg concentration tended to maintain the difference along the time
(Fig. 3B). Contextually, AE-specific CD8+ TEM + EMRA cells from
patients who would become NRs rapidly degranulated, in terms of
CD107a (a lysosomal associated membrane protein-1) mobilization
(Fig. 3C), and promptly produced IFN-γ (Fig. 3D and E) in response to
AE pool significantly more than the CD8+ TEM + EMRA cells from
patients who would become Rs, whereas the corresponding naïve po-
pulations were virtually unable to perform these functions ex vivo
(Fig. 3C–E). CD8+ TEM + EMRA cells from Rs were not intrinsically
defective, since they produced high levels of IFN-γ and efficiently de-
granulated in response to polyclonal stimuli (data not shown). Amaz-
ingly, high TNF-α levels were produced in response to AE pool by a
notable percentage of AE-specific CD8+ TN cells (significantly more in
Rs than in HDs or NRs) rather than by the AE-specific TEM + EMRA
cell populations (Fig. 3D and E), but not by CB cells in response to AEs
or polyclonal stimuli (data not shown). These data confirm previous
reports suggesting that the CD8+ TN cell subset consists of a hetero-
geneous population of cells at various stages of development and can
display a unique ability to produce TNF-α rapidly following TCR en-
gagement, prior to differentiating into effector cells that acquire other
functions such as IL-2 or IFN-γ production [39,40]. In the light of these
data, from this point onward, we referred to these naïve cells as par-
tially activated (pa)CD8+ TN cells. paCD8+ TN cells were unable to
produce IFN-γ (Fig. 3D and E) and did not express CXCR3 (data not
shown), suggesting that it is unlikely that they belong to the “memory T
cells with a naive phenotype” (TMNP) population that was found to
increase in frequency with age and after severe acute infections [41],
but rather they might be precursors of TMNP. Non-specific (dextramer–)
cells were unable to respond to the AE pool (data not shown).

4.3. Gene expression profile of AE-specific CD8+ TN or Teff cells

To explore whether AE-specific CD8+ TN cells from HDs, and pa-
tients who would become Rs or NRs expressed different maturation
stages [39,40], we performed NanoString RNA expression analysis from
a tiny number (about 100 cells) of (AE-specific) CD8+dextramer+ TN
cells or CD8+ Teff (90–95% EMRA and 5–10% EM) cell populations,
sorted from PBMCs of 9 HDs, 8 Rs, and 9 NRs (Fig. S4A). Clustering
analysis of 401 transcripts in 26 samples, clearly displayed two distinct
groups in the sample classes: group A (AE-specific CD8+ TN cells from
HDs [N-HDs]) which was separated from all other groups that we col-
lectively defined as group B (AE-specific CD8+ TN cells from patients
including both Rs and NRs [N-Ps], and AE-specific CD8+ Teff cells from
HDs [Eff-HDs] or patients [Eff-Ps]) (Fig. 4A).

Moreover, genes fell into two major sub-clusters (indicated in
Fig. 4A as I and II). Group A (i.e., N-HDs) was clearly characterized by
downregulation of a well-defined set of 134 genes (sub-cluster I)
(Fig. 4A). The CDF of the gene count probability indicated that N-Ps
(without any significant difference between patients who would be-
come Rs or NRs [data not shown]) significantly clustered nearest to AE-
specific CD8+ Teff cells (i.e., Eff-HDs and Eff-Ps), followed by sig-
nificantly greater distance from HD naïve cells (i.e., N-HDs) (Fig. 4B),
despite the fact that they had expressed a similar phenotype profile in
both HDs and patients (see Fig. 2 and Fig. S2). The CDF analysis showed
that two sub-clusters were composed of 26 and 38 genes, respectively
(Fig. 4C and D). The former was significantly higher in N-Ps than in the
cumulative effector cells (i.e., Eff-HDs plus Eff-Ps), and the latter was
significantly higher in Eff than in their naïve counterparts (Fig. 4C and
D). PCA unequivocally confirmed classification of N-HDs samples as a
unique cell subset as detected by hierarchical clustering (Fig. 4E). Log2
average counts for genes belonging to these two sub-clusters revealed
that N-Ps, in addition to the naïve genes expressed by N-HDs too (e.g.,
CD45RA, CD127, CD44) (Fig. 4F), expressed 19 of 26 genes encoding
effector molecules (Fig. 4G), which were completely switched off in N-
HDs, whereas 30 of 38 genes associated with effector function were
more expressed in effector cells than in N-Ps (Fig. 4H). GZMB and TNF-α
gene expressions, shown in the heat-map within sub-cluster II, were
also detectable in N-Ps (but not in N-HDs), as well as in Eff-HDs and Eff-
Ps, with different levels of expression (Fig. 4I). However, the cyto-
toxicity-related genes (GZMK, GNLY, GZMA, PRZ1, KLRD1, as well as
GZMB) (Fig. 4H and I) taken together were more expressed by effectors
than naïve cells, finding accounting for the observation that only ef-
fector cells expressed the GZM-B protein (see Fig. 2B) and displayed
antigen-specific cytotoxic function (in terms of CD107a mobilization)
(see Fig. 3C). The discrepancy between higher TNF-α production and
lower detection of the relative mRNA in CD8+ TN cells, as compared
with their effector counterparts (see Figs. 3E and 4I) is not surprising,
since prior studies clearly demonstrated that TNF-α production by
CD8+ TN cells does not require de novo mRNA expression, as they
contain a premature TNF transcript, which, following TCR engagement,
is spliced to form a mature TNF mRNA, resulting in the synthesis of TNF
protein in the absence of new transcription [39,40]. Taken together, the
gene expression profile analysis supported the definition of TN cells in
patients (both those who would become Rs or NRs) as AE-specific
paCD8+ TN cells that were, however, significantly more expanded in Rs
than in NRs (see Fig. 3D and E). Control analyses revealed that dex-
tramer– naïve cells were not distinguishable between HDs and patients,
but they were distinguishable from their effector counterparts in both
HDs and patients (data not shown).

4.4. Tregs control AE-specific CD8+ TN but not Teff cells

Phenotypic analysis of circulating Treg subsets showed that acti-
vated (act)Tregs (CD45RAlowFOXP3high, the human Treg subpopulation
expressing more stable FOXP3 expression [42]) were significantly less
represented in patients who would become NRs than in Rs or HDs
(Fig. 5A and B). In addition, the actTreg percentage paralleled the AE-
specific CD8+ TN cell frequency in a significant fashion, whereas it
inversely correlated with AE-specific CD8+ TEM + EMRA cell fre-
quency (Fig. 5C). A deeper analysis confirmed that the percentage of
actTregs expressing TNFR2 which, compared with conventional T cells,
are known to express TNFR2 preferentially [43,44] (Fig. 5D), positively
correlated with the frequency of AE-specific paCD8+ TN cells produ-
cing TNF-α (Fig. 5E) (principally represented in patients who would
become Rs [see Fig. 3D and E]) that, in turn, positively correlated with
the disease activity score (as calculated by the DAS28-CRP) (Fig. 5E).
No correlation was shown between frequency of their effector coun-
terparts and TNFR2+ actTreg percentage (data not shown). To in-
vestigate whether these events were dictated by mechanistic cause-and-
effect relationships, we set up a suppression assay in vitro, described in
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detail in Material and Methods. Highly purified
(CD4+CD127lowCD25+) Tregs (Fig. S4B) were capable of suppressing
principally the differentiation and partially the expansion of autologous
AE-specific (dextramer+) low avidity paCD8+ TN cells (Fig. S4C) in
response to relevant antigens (AEs presented by irradiated autologous
(a) PBMCs as APCs [aAPCs + AEs]), as determined by the dilution of
both CD45RA and CFSE expression in AE-specific CD8+ TN cells
(Fig. 6A). This result is consistent with the hypothesis that Tregs con-
tribute to inhibit excessive naïve cell differentiation rather to control
their proliferation, condition that ultimately results in the parallel ex-
pansion of AE-specific CD8+ TN cells and actTreg in vivo (see Fig. 5C
left graph). Amazingly, high avidity AE-specific CD8+ TEM + EMRA
cells (Fig. S4C) were completely resistant to Treg suppression: they
efficiently proliferated in response to aAPCs + AEs, irrespective of the
presence or absence of Tregs (Fig. 6B). As expected, dextramer– cells
were unable to proliferate in response to aAPCs + AEs (Fig. 6C). In line
with the aforementioned results, antigen-specific proliferation of AE-
specific CD8+ TN cells, but not of their CD8+ TEM + EMRA cell
counterparts, was significantly limited by Tregs at different effector/
suppressor cell ratio (Fig. 6D). The same phenomenon of Treg resistance
by CD8+ Teff cells was observed in a non-self response setting, since the
majority of CMV-specific CD8+ T cells accumulated within the EM/
EMRA subsets in all the HDs, Rs, and NRs tested, and showed a TCR
avidity, a level of degranulation and of cytokine production in response
to the relevant CMVpp65495-503 peptide, considerably higher than those
of AE-specific CD8+ Teff cells (Fig. 7A-F). In addition, they

(irrespective of the source they derived: i.e., Rs, NRs, or HDs) pro-
liferated in response to the relevant CMV peptide (as indicated by the
virtually complete lost of CFSE staining) and were resistant to the Treg
suppression (Fig. 7G and H).

4.5. Killing Tregs by AE-specific CD8+ Teff cells

Then, we questioned: Why and how are AE-specific CD8+ Teff cells
resistant to Tregs in a consistent percentage of RA patients? In parti-
cular, we hypothesized that the inverse correlation between AE-specific
CD8+ TEM+ EMRA cell frequency and actTreg percentage (see Fig. 5C
right graph) is unlikely dependent on the possible capacity of Tregs to
suppress CD8+ TEM + EMRA cells, and encouraged us to investigate
whether, vice versa, CD8+ TEM + EMRA cells may suppress Tregs by
killing them. We formulated this hypothesis, on the basis of the evi-
dences that only AE-specific CD8+ TEM + EMRA (killer) cells ex-
pressed CD107a in response to AEs (see Fig. 3C) and that these
CD107a+ cells inversely correlated with the percentage of actTregs in
vivo (Fig. 8A).

To provide mechanistic support to these in vivo findings, we set up a
FC-based cytotoxicity assay (described in detail in Material and
Methods) to investigate if CD8+ TEM + EMRA cells, upon stimulation
with aAPC + AEs, might kill allogeneic or autologous Tregs through a
by-stander (indirect) mechanism [45]. Under these conditions, AE-sti-
mulated CD8+ TEM + EMRA cells (but not their non-antigen-stimu-
lated counterparts, the AE-stimulated CD8+ TN cells, or the Tregs [data

Fig. 6. Activated Tregs control AE-specific CD8+ TN but not CD8+ Teff cells (A and B) Representative of five suppression assays in which highly purified CFSE-
stained CD8+ TN cells (A) or CD8+ TEM + EMRA cells (B) were stimulated with autologous (a)APCs pulsed (or not) with 20 μg/mL of AEs (aAPCs + AEs) and were
co-cultured (or not) with Tregs at a CD8:Treg ratio of 10:1 for 7 days. Then cells were stained as described in Material and Methods. Dot plot analyses and the relative
histograms indicate the percentage of cell proliferation (as detected by CFSE dilution) and differentiation (as detected by CD45RA downregulation) in (dextramer+)
AE-CD8+ T cells. (C) Same experiment of panel A and B was analyzed in dextramer–CD8+ T cells. (D) Mean values of five independent suppression assays at different
CD8:Treg ratios; %Treg suppression= (MFI CFSE-stained AE-CD8+ T cells with Tregs – CFSE-stained AE-CD8+ T cells without Tregs)/(MFI CFSE-stained AE-CD8+ T
cells with Tregs)× 100; **p < 0.01 one-way ANOVA with Tukey's multiple comparison test.
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not shown]), unveiled the expression of the activation NKG2D R
[46,47] (Fig. 8B). The decreased intensity of NKG2D expression upon
addition of the neutralizing anti-NKG2D antibody, which was the same
both for blocking and for FC, represents a proof of the neutralization
specificity (Fig. 8B). More important, the resistance of proliferating AE-
specific CD8+ TEM + EMRA cells to Tregs decreased upon either the
addition of neutralizing anti-NKG2D antibody or the treatment of Tregs
with a GZM-B inhibitor (Fig. 8C). As a consequence, Tregs acquired the
capacity to suppress CD8+ TEM+ EMRA cells significantly, as detected
by the percentage of Treg-mediated suppression of AE-specific CD8+

TEM + EMRA cells (Fig. 8D). In the same system in vitro, the presence
of AE-stimulated CD8+ TEM + EMRA cells coincided with the de-
creased vitality of Tregs, which was significantly restored by the ad-
dition of the neutralizing anti-NKG2D mAb, thereby emphasizing the

possibility that AE-specific CD8+ TEM + EMRA cells can kill Tregs in a
by-stander fashion (Fig. 8E). Despite the notable OX40 upregulation,
actTregs did not express GZM-B as AE-specific CD8+ TEM + EMRA
cells in vivo (Fig. 8F), and were unable to kill AE-specific CD8+

TEM + EMRA cells (data not shown) [48]. In addition, in an appro-
priate FC antigen-specific killing assay [33] (described in detail in
Material and Methods), AE-specific CD8+ TEM + EMRA cells directly
killed AE-pulsed CFSElow-stained Tregs (but not unpulsed CFSEhigh-
stained Tregs) in an antigen-specific manner, as well as conventional
target cells (HLA-A0201+ EBV cells derived from the JY line) at dif-
ferent effector/target ratios (Fig. S5). Then, we performed longitudinal
analysis in 3 selected NRs, who had showed a peak of disease activation
(as calculated by the DAS28-CRP) (Fig. 8G), despite the anti-TNF
treatment (etanercept), to explore the interplay between actTregs and

Fig. 7. Functional CMV-specific CD8+ Teff cells resist Tregs. (A) Representative dot plot analyses of dextramer+CD8+ T cells specific to CMVpp65495-503 (NLVP-
MVATV) peptide, and of N, CM, EM and EMRA cell subsets within CMV-CD8+ T cells in an HD, a R, or a NR. (B and C) Percentage of CMV-CD8+ T cells (B) and
distribution of N, CM, EM and EMRA cells within CMV-CD8+ T cells (C) among HDs (n= 12), Rs (n=3) or NRs (n=6). (D) The left graph shows a representative
histogram of phosphorylated ZAP70 (pZAP70) MFI in gated CMV-CD8+ T cells in response to CMVpp65 peptide stimulation at different time points; the right graph
shows the mean ± SD values of four independent experiments. (E) Representative dot plot FC analysis of IFN-γ+, TNF-α+, or CD107a+ cells in gated CMV-CD8+

TEM+ EMRA cells from a R (upper) or a NR (lower), upon PBMC stimulation or not with 10 μg/mL CMVpp65 peptide (6 h); (F) mean ± SD values of CD107a, IFN-γ
and TNF-α production in response to specific stimulation. (G) Representative suppression assay, in which highly purified CFSE-stained CD8+TEM+ EMRA cells were
stimulated with aAPC pulsed (or not) with CMVpp65 peptide, and were co-cultured (or not) with Tregs at a CD8:Treg ratio of 10:1. Representative dot plot analysis
(left graph) and the relative histograms (right graph) indicate proliferation evaluated by CFSE dilution in CMV-CD8+ T cells, in the absence (blue) or in the presence
(red) of Tregs. (H) Mean ± SEM values of five independent experiments indicating the percentage of proliferating CMV-CD8+ T cells in the presence (red bar) or
absence (blue bar) of Tregs (left graph). Mean ± SD values of five independent suppression assays (right graph); %Treg suppression= (MFI CFSE-stained AE-CD8+ T
cells with Tregs – CFSE-stained AE-CD8+ T cells without Tregs)/(MFI CFSE-stained AE-CD8+ T cells with Tregs) x 100. (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.)

I. Cammarata, et al. Journal of Autoimmunity 99 (2019) 81–97

92



AE-specific CD8+ Teff cells in vivo. The number of AE-specific CD8+

Teff (killer) cells expressing CD107a (in response to aAPCs + AEs)
transiently increased in a significant fashion in relation with both the
boost of disease activity and a significant decrease of both TNFR2+ and
actTregs, whose values were no longer back to the previous levels
(Fig. 8G). Finally, in line with the killing evidences, in situ IHC analyses
[36] showed that CD8+ T cells were consistently more abundant than
FOXP3+ Tregs in synovial tissues derived from patients with severe RA
(Fig. 9A and B). Importantly, multiplex IF staining showed that CD8+ T
cells expressing GZM-B directly interacted with FOXP3+ Tregs
(Fig. 9C), of which about 20% also expressed cleaved caspase-3
(Fig. 9C), which was not expressed by any CD8+ T cells.

5. Discussion

Our findings propose two distinctive mechanisms enabling auto-
reactive CD8+ T cells to condition Tregs to their vantage (References in
[49]), and resulting hence in the expansion of either a peculiar popu-
lation of autoreactive low avidity paCD8+ TN cells producing high le-
vels of TNF-α in a subset of RA patients, or polyfunctional autoreactive
high-avidity CD8+ Teff cells in a different subset of patients. The fre-
quencies of both these different autoreactive T cell populations were
significantly correlated with the increasing disease activity score, sug-
gesting that both contribute to the RA pathogenesis in a different
fashion. A key event contributing to initiate these different responses

Fig. 8. CD107a+ AE-specific CD8+ Teff cells inversely correlate with actTregs and evade Treg suppression through a by-stander killing mechanism. (A) Correlation
between the percentage of AE-CD8+ T cells expressing CD107a (upon stimulation with aAPCs + AEs; the BG was subtracted) and the percentage of actTregs in Rs
(n = 7) and NRs (n = 4) using Pearson coefficient, ****p < 0.0001. (B and C) Representative experiments in which highly purified CFSE-stained
CD8+TEM + EMRA cells were stimulated with aAPCs + AEs and co-cultured (or not) with allogeneic Tregs (at a CD8:Treg ratio of 10:1) in the presence or absence
of an inhibitor of either NKG2D (iNKG2D) or GZM-B (iGZM-B) for 7 days. Then cells were stained as described in Material and Methods. Upper panel (B) represents a
histogram of NKG2D expression by AE-CD8+ TEM + EMRA cells under the different indicated conditions. Lower panel (C) represents a histogram of proliferation
evaluated as CFSE dilution under the different indicated conditions. (D) Mean ± SD of percentage of Treg-mediated suppression in five independent experiments in
the presence or absence of iNKG2D or iGZM-B. %Treg suppression= (MFI CFSE-stained AE-CD8+ T cells with Tregs – CFSE-stained AE-CD8+ T cells without Tregs)/
(MFI CFSE-stained AE-CD8+ T cells with Tregs)× 100. *p < 0.05, **p < 0.01 by Paired two-tailed Student's t-test. (E) The left graph shows representative FC
analysis of dead Tregs, as detected by the percentage of eFluor 780+ cells in Tregs, alone (0:1) or co-cultured with allogeneic (upper) or autologous (lower) purified
CD8+TEM + EMRA cells (10:1) stimulated with aAPC + AEs in the presence or absence of iNKG2D; the right graph shows the mean of percentage of dead Tregs
from five independent experiments. *p < 0.05, **p < 0.01 by Paired two-tailed Student's t-test. (F) Representative dot plot analysis of OX40 or GZM-B expression
on actTregs or AE-CD8+ TEM + EMRA cells. (G) Frequency of CD107a+ AE-CD8+ TEM + EMRA cells in response to AEs (calculated as %CD107a+ AE-CD8+

TEM + EMRA × %AE-CD8+ TEM + EMRA) and percentage of TNFR2+ actTregs or percentage of actTregs (calculated respectively as %TNFR2+ on actTregs×%
actTregs, and %actTregs×%Tregs respectively) during anti-TNF-α follow-up (weeks), in NRs (n= 3). The DAS28-CRP values are represented on the top of the
graph. Mean ± SD are indicated; *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.0001 by two-way ANOVA with Tukey's multiple comparison test.
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may be related with the levels of circulating CD40L+ apoptotic T cells
(significantly more abundant in patients who would become NRs than
in those who would become Rs), previously demonstrated to provide
both antigenic (AEs) and co-activation (CD40L-dependent) signals en-
abling DCs to cross-prime AE-specific CD8+ T cells [13,15–18]. High
frequency of CD40L+ apoptotic T cells may deliver the appropriate

stimuli contributing to induce the full differentiation of high-avidity
CD8+ Teff cells, whereas low frequency of CD40L+ apoptotic T cells
may result in the expansion of low-avidity paCD8+ TN cells
[13,15–18]. Whether the different percentage of circulating CD40L+

apoptotic T cells may be the result of different frequency of pre-existing
pathogen-specific T cells (e.g., specific to gut or oral bacteria [27,28])

Fig. 9. CD8+ T cells interact with FOXP3+ Tregs in synovial tissues from patients with severe RA. (A) Representative IHC images for CD8+ and FOXP3+ T cells in
synovial tissues are visualized with Fast Red (red) (magnification 40×). Nuclei are counter stained with haematoxylin (blue). Black and red arrows indicate CD8+

and FOXP3+ T cells, respectively; scale bars, 30 μm. (B) Frequency of CD8+ and FOXP3+ T cells within the synovial tissues from 7 RA patients. **p < 0.01 by Paired
two-tailed Student's t-test. (C) Quadruple co-staining of synovial tissue lesions for CD8 (white), FOXP3 (green), GZM-B (red), and cleaved Caspase-3 (magenta) is
shown (magnification, 20× and 40×). Four representative scenarios of CD8+ T cells interacting with FOXP3+ Tregs shown within yellow rectangles are highly
magnified on the right panels: CD8+ T cells interacting with FOXP3+ Tregs (1); GZM-B+ CD8+ T cells interacting with FOXP3+ T regs (2, 4); CD8+ T cells
interacting with cleaved Caspase-3+ FOXP3+ Tregs (3, 6, 7, 8); GZM-B+ CD8+ T cells interacting with cleaved Caspase-3+ FOXP3+ Tregs (5). Images with nuclei
(Hoechst) are shown on the rights of each panels. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this
article.)
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that undergo apoptosis upon performing their effector functions, is a
crucial issue to investigate.

The finding that AE-specific paCD8+ TN cells expressed (at tran-
scriptional level) and promptly produced TNF-α in response to the re-
levant epitopes in a noticeable number of RA patients, is consistent with
previous observations proposing this peculiarity as the result of a pro-
gressive activation state of TN cells [39,40]. Accordingly, our evidences
showed that a considerable number of AE-specific low-avidity paCD8+

TN cells expressed Ki67, produced high levels of TNF-α, and exhibited a
gene expression signature that was intermediate between TN and Teff
cells. These (low-avidity) paCD8+ TN cells promptly producing TNF-α
(but lacking other functions including the killing activity) in response to
the relevant epitopes directly correlated with the disease activity score,
confirming that they play a pivotal role in immunopathology in these
patients by producing TNF-α, known to represent a key inflammatory
cytokine involved in RA pathogenesis [19]. Importantly, they directly
correlated with the percentage of circulating TNFR2+ actTregs in vivo,
and were negatively regulated by Tregs in terms of differentiation ra-
ther than proliferation in vitro, supporting the hypothesis proposing that
TNF-α fuels TNFR2+ actTregs [43,50,51], enabling the latter to,
paradoxically, maintain a parallel expansion of pathogenic TNF-α-
producing paCD8+ TN cells, in an effort to avoid an excessive CD8+

Teff cell differentiation. Ultimately, on the basis of the evidence that
low avidity TNF-α+ paCD8+ TN cells were significantly expanded in
patients who would become Rs to anti-TNF therapy as compared with
NRs, we propose that they may represent a major target of both the
direct effect of anti-TNF therapy and the suppression by Tregs that have
been previously demonstrated to further expand upon anti-TNF treat-
ments through multiple mechanisms in these patients [52–56]. Indeed,
the beneficial effect of anti-TNF reagents has been attributed to their
capacity to both dampen the TNF-α-mediated inflammatory responses
[57,58], and favor the expansion of various types of Treg populations,
such as transforming growth factor (TGF)-β-induced or TNFR2+ Tregs
through differential mechanisms, contributing ultimately to suppress
the autoimmune responses [52–56]. High frequency of TNFR2+ Tregs
has been recently proposed as a novel biomarker predicting the bene-
ficial effect of adalimumab in RA patients [59].

Vice versa, how autoreactive high-avidity Teff cells escape Treg
control in several patients, and why these patients result NRs to therapy
with any anti-TNF-α reagent, has not been completely understood so
far. To explore the molecular mechanisms by which high-avidity, fully
differentiated polyfunctional AE-specific CD8+ Teff cells un-
conditionally resist Treg suppression and are not susceptible of the anti-
TNF therapy, we questioned whether they escape Tregs by the capacity
to kill them. This hypothesis was based on the observation that AE-
specific CD8+ Teff cells (as opposed to the paCD8+ TN cells from Rs),
not only acquired the capacity to produce IFN-γ (more than TNF-α) in
response to the relevant epitopes, but also expressed high levels of
GZMs (both at transcript and protein levels) and antigen-induced
CD107a (killer cells) that correlated with the decrease of actTregs in
vivo. The capacity of Treg-resistant CD8+ Teff cells, which had been
activated by antigen-conditioned aAPCs, to kill Tregs indirectly in an
NKG2D-dependent bystander fashion in vitro [46], and the finding that
both GZM and NKG2D inhibitors significantly restored Treg suppression
through the decrease of Treg killing by CD8+ Teff cells, provide a
mechanistic basis for our findings in vivo (i.e., inverse correlation be-
tween AE-specific CD8+ T killer cells and actTregs), and is consistent
with the possibility that CD8+ Teff cells, upon antigen stimulation by
tissue-resident DCs, can indirectly counteract neighboring Tregs within
inflamed tissues so as to limit excessive suppression. In addition, our
results suggest a rarer eventuality, whereby Tregs acting as APCs
[60–64], are directly killed by AE-specific CD8+ Teff cells within in-
flamed tissues. The possibility that CD8+ Teff cells dominate and kill
Tregs in NRs in vivo is supported by two consistent clinical evidences.
First, longitudinal study in NRs showed that a peak of AE-specific
(CD107a+) CD8+ T killer cells coincided with a boost of severe disease

activation, and a significant decrease of the actTreg values that no
longer returned to the previous level, and remained persistently below
the levels of AE-specific CD8+ T killer cells. Second, IHC and multiplex
IF imaging of inflamed synovial tissues from patients with severe RA
showed that CD8+ T cells were remarkably more abundant than Tregs,
and that those expressing GZM-B selectively contacted FOXP3+ Tregs,
some of which were in an apoptotic state, validating hence the possi-
bility that CD8+ Teff cells can counteract neighboring Tregs within
inflamed tissues, by killing them. These findings provide a mechanistic
basis to previous clinical evidences showing that, although effector
immune/inflammatory cells (including CD8+ Teff cells) are accumu-
lated in parallel with Tregs with high suppression potential in the in-
flamed joints of RA patients [65–67], the inflammatory process persists,
and generally undergoes progressive destruction of bone and cartilage
[19]. Therefore, the capacity of autoreactive high avidity CD8+ Teff
cells to kill Tregs would prevent the beneficial effect of anti-TNF to
expand Tregs demonstrated in Rs by various groups [52–56]. The
therapeutic efficacy of anti-IL6R antibody (e.g., tocilizumab) in RA
patients who resulted non-responders to anti-TNF treatment [68,69],
may be due to the blocking of the IL-6-dependent inhibition of Tregs
[70]: whether and how the latter can then become resistant to cytotoxic
cells could be an interesting topic to explore. However, because about
50% of these tocilizumab-treated patients did not achieve remission or
significantly lower disease activity, our data pave the way for testing
appropriate therapeutic GZM inhibitor compounds [71] in animal
models and even in clinical trials in NRs to biological therapies. Addi-
tional investigation is required to determine if the combination of the
killing mechanism with other molecules, related to transcripts (e.g.,
CCL4, GPR183, IL-21R) found overexpressed by AE-specific CD8+ Teff
cells in our study, may amplify mechanisms capable to block Tregs
[72–74].

6. Conclusions

The most important facet of our findings is the evidence that high-
avidity, fully differentiated AE-specific CD8+ Teff cells, as we observed
in patients who would become NRs to anti-TNF therapy, were com-
pletely impervious to Treg suppression. The evidence showing that
CMV-specific CD8+ Teff cells were also unaffected by Treg suppression
suggests that the resistance to Tregs is a general mechanism employed
by both self- and non-self CD8+ Teff cells. We propose that CD8+ Teff
cells, once established in a given inflammatory milieu, can display
multiple molecular strategies including the killing mechanism to
counteract excessive Treg suppression. In doing so, they can preserve
their effector functions, which can produce protective or detrimental
effects depending on the context (e.g., infection recovery vs. auto-
immunity). The selection of counter-regulatory mechanisms by CD8+

Teff cells, during the evolutionary process, would be crucial for
mounting an effective response to the aggression of infectious agents,
which are by far more dangerous than autoimmunity for the survival of
the human species [3]. The definition of the molecular checkpoints li-
censing Treg resistance by autoreactive CD8+ Teff cells could be of
paramount importance for the design of innovative therapeutic strate-
gies preferentially targeting autoimmune CD8+ Teff cells, in order to
ultimately restore the mechanism of Treg-mediated tolerance
[71,75–77]. Studies are in progress to verify whether the same me-
chanisms are operative in other autoimmune or allergic diseases. It
would also be of extraordinary interest to investigate whether CD8+

Teff cells that become exhausted in tumor or chronic infection settings
lose the capacity to resist Tregs, in contrast to CD8+ Teff cells with
efficient effector function resolving acute viral infections.
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