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TABLE 1 Overview of the role of Tr1 and IL-10-producing CD4+ T cells in AIDs and IBD.

Disease Cell identity Model Major finding Reference

T1D FOXP3- IL-10-producing CD4+

T cells
NOD BDC2.5 TCR-transgenic and
NOD/SCID mice

Intestinal FOXP3- IL-10-producing CD4+ T cells can protect from
T1D

76

IL-10-producing CD4+ T cells NOD and NOD/SCID mice Combination of rapamycin and IL-10 reduces incidence of diabetes 77

GAD65-specific IL-10-
producing CD4+ T cells

GAD65-immunized NOD and NOD/
SCID mice

Protection from T1D in adoptive transfer experiments 78

Antigen-specific IL-10-
producing CD4+ T cells

Immunized NOD and NOD/SCID
mice

Antigen-containing PLG nanoparticles protect from T1D 79

CD49b+LAG-3+ Tr1 cells Immunized NOD and NOD/SCID
mice

IGRP- and 2.5mi/IAg7 nanoparticles expand pre-existing Tr1 cells
and protect from T1D

80

Islet-specific IL-10-producing
CD4+ T cells

Patient PBMCs Higher frequency in healthy donors 81

Islet-specific IL-10-producing
CD4+ T cells

Patient PBMCs Higher frequency in first degree relatives 82

Insulin-specific IL-10-
producing CD4+ T cells

Patient PBMCs Higher in patients that have better future glucose control 83

IGFR-specific IL-10-producing
CD4+ T cells

Patient PBMCs Higher frequency in juvenile T1D compared to adult T1D 84

IL-10-producing CD4+ T cells Patient PBMCs Increase in IL-10-producing CD4+ T cells upon anti-CD3
treatment

85

Proinsulin-specific IL-10-
producing CD4+ T cells

Proinsulin-immunized patient PBMCs Increase in IL-10 production and decrease in insulin dependency 86

IGRP-specific CD49b+LAG-3+

Tr1 cells
IGRP-immunized NSG mice
reconstituted with DR4 patient PBMCs

Induction of IGRP-specific CD49b+LAG-3+ Tr1 cells 80

MS OVA-specific IL-10-producing
CD4+ T cells

OVA-immunized MSCH-induced EAE
mice

OVA-specific protection from EAE development 87

IL-10-producing CD4+ T cells MOG-induced EAE mice IL27-pulsed DCs upregulate IL-10 production by CD4+ T cells for
protection from EAE development

88

CD49b+LAG-3+ Tr1 cells MOG-induced EAE mice Protection from EAE development independently of IL-10 89

IL-10-producing CD4+ T cells MOG-induced EAE mice Melatonin induces IL-10-producing CD4+ T cells to protect from
EAE development

65

CD49b+LAG-3+ Tr1 cells PLP-induced EAE mice PLP- and MOG-containing pMHCII nanoparticles protect from
EAE development

80

IL-10-producing CD4+ T cells PLP- and MOG-induced EAE MOG- and AhR-containing NLPs protects from EAE development 90

CD46-induced IL-10-producing
CD4+ T cells

Patient PBMCs Lower frequency in MS patients 91

CD46-induced IL-10-producing
CD4+ T cells

Patient PBMCs Altered glycosylation of CD46 in MS patients 57

SLE CD46-induced IL-10-producing
CD4+ T cells

Patient PBMCs Lower frequency in SLE patients 24

IL-10-producing IL7R- CD4+ T
cells

Patient PBMCs Decreased ability in limiting autoantibody production by B cells 16

IL-10-producing CXCR5-

CXCR3+PD-1high CD4+ T cells
Patient PBMCs CXCR5-CXCR3+PD-1high CD4+ T cell-derived IL-10 can stimulate

autoantibody production
92

Arthritis Collagen type II-specific IL-10-
producing CD4+ T cells

Collagen type II-immunized DBA/1
mice

Protection from arthritis development 93

Psoriasis CD49b+LAG-3+ Tr1 cells Patient PBMCs and skin biopsies Presence of Tr1 cells inversely correlated with disease severity 94

Celiac
disease

Gliadin-specific IL-10-
producing CD4+ T cells

Patient intestinal T cells Gliadin-specific suppression of effector T cells 44

Gliadin-specific IL-10-
producing CD4+ T cells

Patient PBMCs and intestinal T cells Multi-epitope gliadin extract induces tolerance in celiac disease
patients

95

IBD OVA-specific IL-10-producing
CD4+ T cells

CD4+CD45RBhigh adoptive transfer
mice

Prevention of colitis in recipient mice 4

IL10-deficient CD4+CD45RBlow

T cells
CD4+CD45RBhigh adoptive transfer
mice

Protection from colitis is dependent on IL-10 96
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et al. Safety and efficacy of antigen-specific regulatory T-cell therapy for patients
with refractory crohn’s disease. Gastroenterology (2012) 143:1207–1217.e2. doi:
10.1053/j.gastro.2012.07.116

101. Chatenoud L, Ferran C, Bach J-F. The anti-CD3-Induced syndrome: A
consequence of massive In vivo cell activation. In: Fleischer B, Sjögren HO (eds)
Superantigens. Current Topics in Microbiology and Immunology. (Berlin,
Heidelberg: Springer) 174. (1991), 121–34. doi: 10.1007/978-3-642-50998-8_9

102. Jamison BL, Neef T, Goodspeed A, Bradley B, Baker RL, Miller SD, et al.
Nanoparticles containing an insulin–ChgA hybrid peptide protect from
transfer of autoimmune diabetes by shifting the balance between effector T
cells and regulatory T cells. J Immunol (2019) 203:48–57. doi: 10.4049/
jimmunol.1900127

103. Getts DR, Martin AJ, McCarthy DP, Terry RL, Hunter ZN, Yap WT, et al.
Microparticles bearing encephalitogenic peptides induce T-cell tolerance and
ameliorate experimental autoimmune encephalomyelitis. Nat Biotechnol (2012)
30:1217–24. doi: 10.1038/nbt.2434

104. Alatab S, Sepanlou SG, Ikuta K, Vahedi H, Bisignano C , Safiri S, et al. The
global, regional, and national burden of inflammatory bowel disease in 195
countries and territories 1990–2017: a systematic analysis for the global burden
of disease study 2017. Lancet Gastroenterol Hepatol (2020) 5:17–30. doi: 10.1016/
S2468-1253(19)30333-4

105. Uhlig HH, Coombes J, Mottet C, Izcue A, Thompson C, Fanger A, et al.
Characterization of Foxp3+CD4+CD25+ and IL-10-secreting CD4+CD25+ T cells
during cure of colitis. J Immunol (2006) 177:5852–60. doi: 10.4049/
jimmunol.177.9.5852

106. Kamanaka M, Kim ST, Wan YY, Sutterwala FS, Lara-Tejero M, Galán JE,
et al. Expression of interleukin-10 in intestinal lymphocytes detected by an
interleukin-10 reporter knockin tiger mouse. Immunity (2006) 25:941–52.
doi: 10.1016/j.immuni.2006.09.013

107. Maynard CL, Harrington LE, Janowski KM, Oliver JR, Zindl CL, Rudensky
AY, et al. Regulatory T cells expressing interleukin 10 develop from Foxp3+ and
Foxp3– precursor cells in the absence of interleukin 10. Nat Immunol (2007)
8:931–41. doi: 10.1038/ni1504

108. Himmel ME, Yao Y, Orban PC, Steiner TS, Levings MK. Regulatory T-cell
therapy for inflammatory bowel disease: More questions than answers.
Immunology (2012) 136:115–22. doi: 10.1111/j.1365-2567.2012.03572.x

109. Asseman C, Read S, Powrie F. Colitogenic Th1 cells are present in the
antigen-experienced T cell pool in normal mice: Control by CD4 + regulatory T
cells and IL-10. J Immunol (2003) 171:971–8. doi: 10.4049/jimmunol.171.2.971

110. Rubtsov YP, Rasmussen JP, Chi EY, Fontenot J, Castelli L, Ye X, et al.
Regulatory T cell-derived interleukin-10 limits inflammation at environmental
interfaces. Immunity (2008) 28:546–58. doi: 10.1016/j.immuni.2008.02.017
frontiersin.org

https://doi.org/10.1053/j.gastro.2019.09.002
https://doi.org/10.1016/j.jcyt.2021.05.010
https://doi.org/10.1016/j.humimm.2012.11.031
https://doi.org/10.1016/j.humimm.2012.11.031
https://doi.org/10.1016/j.celrep.2019.04.109
https://doi.org/10.1016/0092-8674(93)80068-P
https://doi.org/10.1016/0092-8674(93)80068-P
https://doi.org/10.1002/1529-0131(200003)43:3%3C617::AID-ANR19%3E3.0.CO;2-B
https://doi.org/10.1111/joim.12395
https://doi.org/10.1073/pnas.1705599114
https://doi.org/10.2337/db05-1576
https://doi.org/10.4049/jimmunol.171.2.733
https://doi.org/10.1016/j.jaut.2017.12.010
https://doi.org/10.1038/nature16962
https://doi.org/10.1172/JCI19585
https://doi.org/10.1007/s00125-010-1739-3
https://doi.org/10.1016/j.clim.2007.12.003
https://doi.org/10.1016/j.clim.2015.08.014
https://doi.org/10.1172/JCI16090
https://doi.org/10.1126/scitranslmed.aaf7779
https://doi.org/10.1084/jem.20011629
https://doi.org/10.1038/ni.2695
https://doi.org/10.15252/embr.201847121
https://doi.org/10.1073/pnas.2016451117
https://doi.org/10.1172/JCI29251
https://doi.org/10.1038/s41591-018-0254-9
https://doi.org/10.1186/ar4567
https://doi.org/10.1016/j.jid.2018.05.021
https://doi.org/10.1053/j.gastro.2021.03.014
https://doi.org/10.1084/jem.190.7.995
https://doi.org/10.1016/j.immuni.2011.01.020
https://doi.org/10.1038/s41598-020-79122-3
https://doi.org/10.1007/s12015-022-10353-9
https://doi.org/10.1053/j.gastro.2012.07.116
https://doi.org/10.1007/978-3-642-50998-8_9
https://doi.org/10.4049/jimmunol.1900127
https://doi.org/10.4049/jimmunol.1900127
https://doi.org/10.1038/nbt.2434
https://doi.org/10.1016/S2468-1253(19)30333-4
https://doi.org/10.1016/S2468-1253(19)30333-4
https://doi.org/10.4049/jimmunol.177.9.5852
https://doi.org/10.4049/jimmunol.177.9.5852
https://doi.org/10.1016/j.immuni.2006.09.013
https://doi.org/10.1038/ni1504
https://doi.org/10.1111/j.1365-2567.2012.03572.x
https://doi.org/10.4049/jimmunol.171.2.971
https://doi.org/10.1016/j.immuni.2008.02.017
https://doi.org/10.3389/fimmu.2022.1125497
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Frontiers Production Office 10.3389/fimmu.2022.1125497
111. Roers A, Siewe L, Strittmatter E, Deckert M, Schlüter D, Stenzel W, et al. T
Cell–specific inactivation of the interleukin 10 gene in mice results in enhanced T
cell responses but normal innate responses to lipopolysaccharide or skin irritation.
J Exp Med (2004) 200:1289–97. doi: 10.1084/jem.20041789

112. Chaudhry A, Samstein RM, Treuting P, Liang Y, Pils MC, Heinrich J-M,
et al. Interleukin-10 signaling in regulatory T cells is required for suppression of
Th17 cell-mediated inflammation. Immunity (2011) 34:566–78. doi: 10.1016/
j.immuni.2011.03.018

113. McGuirk P, McCann C, Mills KHG. Pathogen-specific T regulatory 1 cells
induced in the respiratory tract by a bacterial molecule that stimulates interleukin
10 production by dendritic cells: A novel strategy for evasion of protective T helper
type 1 responses by bordetella pertussis. J Exp Med (2002) 195:221–31.
doi: 10.1084/jem.20011288

114. Jofra T, di Fonte R, Galvani G, Kuka M, Iannacone M, Battaglia M, et al.
Tr1 cell immunotherapy promotes transplant tolerance via de novo Tr1 cell
induction in mice and is safe and effective during acute viral infection. Eur J
Immunol (2018) 48:1389–99. doi: 10.1002/eji.201747316

115. Eliasson DG, Omokanye A, Schön K, Wenzel UA, Bernasconi V, Bemark
M, et al. M2e-tetramer-specific memory CD4 T cells are broadly protective against
influenza infection. Mucosal Immunol (2018) 11:273–89. doi: 10.1038/mi.2017.14

116. Antunes I, Kassiotis G. Suppression of innate immune pathology by
regulatory T cells during influenza a virus infection of immunodeficient mice. J
Virol (2010) 84:12564–75. doi: 10.1128/jvi.01559-10

117. Brincks EL, Roberts AD, Cookenham T, Kohlmeier JE, Blackman MA,
David L. Antigen-specific memory regulatory CD4 + Foxp3 + T cells control
memory responses to influenza virus infection. J Immunol (2013) 190:3438–46.
doi: 10.4049/jimmunol.1203140

118. MoserEK,HuffordMM,Braciale TJ. Late engagement of CD86 after influenza
virus clearance promotes recovery in a FoxP3 + regulatory T cell dependent manner.
PloS Pathog (2014) 10:e1004315. doi: 10.1371/journal.ppat.1004315

119. Rogers MC, Lamens KD, Shafagati N, Johnson M, Oury TD, Joyce S, et al.
CD4 + regulatory T cells exert differential functions during early and late stages of
the immune response to respiratory viruses. J Immunol (2018) 201:1253–66.
doi: 10.4049/jimmunol.1800096

120. Lu C, Zanker D, Lock P, Jiang X, Deng J, Duan M, et al. Memory regulatory
T cells home to the lung and control influenza a virus infection. Immunol Cell Biol
(2019) 97:774–86. doi: 10.1111/imcb.12271

121. DoetzeA,Satoguina J,BurchardG,RauT,LoligerC, FleischerB, et al.Antigen-
specific cellular hyporesponsiveness in a chronic humanhelminth infection ismediated
by T(h)3/T(r)1-type cytokines IL-10 and transforming growth factor-beta but not by a
T(h)1 to T(h)2 shift. Int Immunol (2000) 12:623–30.

122. Koch K, Koch N, Sandaradura De Silva U, Jung N, Schulze Zur Wiesch J,
Fatkenheuer G, et al. Increased frequency of CD49b/LAG-3+ type 1 regulatory T
cells in HIV-infected individuals. AIDS Res Hum Retroviruses (2015) 31:1238–46.
doi: 10.1089/aid.2014.0356

123. Moreira Genaro L, de Oliveira Coser L, da Silva Justo Junior A, Furquim de
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