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Abstract

Interactions between B cells and CD4* T cells play a central role in the development of Type

1 Diabetes (T1D). Two helper cell subsets, follicular (Tfh) and peripheral (Tph) helper T cells,

are increased in patients with T1D but their role in driving B cell autoimmunity is undefined.

We used a personalized immune (Pl) mouse model to generate human immune systems de novo
from hematopoietic stem cells (HSCs) of patients with T1D or from healthy controls (HCs).

Both groups developed Tth and Tph-like cells, and those with T1D-derived immune systems
demonstrated increased numbers of Tph-like and Tth cells compared to HC-derived PI mice. T1D-
derived immune systems included increased proportions of unconventional memory CD27”1gD~
B cells and reduced proportions of naive B cells compared to HC PI mice, resembling changes
reported for patients with systemic lupus erythematosus. Our findings suggest that T1D HSCs are
genetically programmed to produce increased proportions of T cells that promote the development
of unconventional, possibly autoreactive memory B cells. Pl mice provide an avenue for further
understanding of the immune abnormalities that drive autoantibody pathogenesis and T1D.
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1. Introduction

Type 1 Diabetes (T1D) is a T cell-driven autoimmune disorder that includes a likely role for
B cells, either as antigen-presenting cells to T cells or by producing autoantibodies [1-3].
Self-reactive B cells in T1D patients demonstrate failure to achieve self-tolerance already

in the bone marrow and produce autoantibodies due to perturbations in the germinal center
response [2-4]. B cell maturation into autoantibody producing plasma cells largely requires
cognate CD4* T cell help within the germinal center and the inflammatory site [5,6]. Such
CD4* T helper cells include follicular (Tfh) and peripheral (Tph) helper T cells [7,8], which
express ICOS, PD-1, IL-21, CXCL13 and MAF. Tth cells act in the germinal center and
express CXCRS5, while Tph cells act in the inflammatory site and express CCR2, CCR5

and CXCR3 [7-9]. Alterations in these subsets have been observed in non-obese diabetic
(NOD) mice [10,11] and circulating Tfh and Tph cells were increased close to the time of
diagnosis of T1D in children with multiple autoantibodies and in children with established
T1D [7,8]. However, the genetic versus environmental drivers of these abnormalities remain
poorly defined.

The NOD mouse model shares many features with human T1D [12], but the relevance of
this mouse model is limited due to species differences and the genetic heterogeneity of
patients with T1D, which contrasts to the single, uniform genotype of inbred NOD mice.
The analysis of early, genetically predetermined immunoregulatory abnormalities that drive
T1D in humans is a challenging task [13]. We have developed a unique human immune
system (HIS) mouse model that allows the study of human immune development from
adult hematopoietic stem cells (HSCs). In this “Personalized Immune (PI)” mouse model,
NSG mice are reconstituted with fetal human thymus tissues and partially HLA-matched
CD34* cells from adult bone marrow (BM) donors, permitting the study of the role of
genetic predispositions in driving human immunological abnormalities that result in T1D
[14]. Using this model, we obtained evidence for defective central B-cell tolerance in Pl
mice derived from HSCs of T1D patients [15], recapitulating observations that have been
made in T1D patients [16]. We also identified increased proportions of memory T cells in
T1D-derived compared to healthy control (HC)-derived PI mice [14].

Here, we demonstrate increased numbers of the Tfh and Tph-like memory cell subsets

in T1D compared to HC HSC-derived Pl mice, demonstrating an additional recapitulation
of immunological abnormalities described in patients with T1D [7,8]. Tfh and Tph-like
cells expressed markers associated with B cell helper function and inflammatory activity,
including ICOS, CXCR3, and CCR2, and increased proportions of unconventional memory
CD2771gD™ B cells were detected. These results suggest that abnormalities in Tfh and
Tph-like cells of T1D patients that are genetically programmed may drive the development
of autoreactive/unconventional B cells in this disease.
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2. Materials and methods

2.1. Animals

NOD.Cg-Prkdccid 112 gmIWil/SzJ (NSG) pig cytokine transgenic (pct) mice [17] that
produce porcine hematopoietic cytokines (interleukin-3, granulocyte-macrophage colony-
stimulating factor and stem cell factor; see Supplemental Materials online) were obtained
from The Jackson Laboratory and bred in our animal facility.

2.2. Human tissue transplantation and generation of Pl mice

Six- to twelve-week-old female mice were sub-lethally irradiated (1.2 Gy) with an X-
irradiator (RS-2000, Rad Source Technologies, Inc.). After mechanical agitation to dislodge
residual thymocytes, 1 mm?3 thawed human fetal thymus fragments were implanted beneath
the kidney capsule. One to 2.6 x 10° adult BM CD34" cells were injected IV as described
[14]. 400 pg of anti-human CD2 monoclonal antibody Lo-CD2 (produced at Bio X Cell,
Inc) were injected intraperitoneally [14], on days 0, 7, and 14. Human HC and T1D BM
donors shared T1D-associated class 11 HLA DR3, DR4, and/or DQ8 alleles. Information
relative to the donors' HLA-type is provided in Supplementary Table 1.

2.3. Flow cytometry

Human T and B cell subsets were quantified in single cell suspensions of recipient
splenocytes 20 weeks post-transplantation. Cells were stained using the fluorochrome-
labeled mAbs listed in the online Supplemental Material. Flow cytometry was performed on
an Aurora Cytek (Fremont, California) and analyzed with FlowJo (Tree Star, USA) software.

2.4. ELISA of IgM and IgG concentration

Enzyme-linked immunosorbent (ELISA) assays were used to quantify human antibody
levels in serum of Pl mice as indicated in the online Supplementary Material.

2.5. Statistical analysis

Statistical analyses and comparisons were performed with Graph-Pad Prism 8.0 (GraphPad
Software). All data are expressed as average + standard error of mean. Non-parametric
tests were used for analysis. Comparisons between two groups were performed using Mann
Whitney U'test. Comparisons among matched values were performed using Friedman test
with Dunn's post-test for multiple comparisons. Spearman's correlation coefficient was
computed to study the strength of correlation between quantitative variables.

2.6. Data and resource availability

The data sets generated during or analyzed during the current study are available from the
corresponding author upon reasonable request.
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3. Results

3.1. Detection and phenotypic characterization of Tfh and Tph-like cells in Pl mice

To analyze the phenotype of memory T cells in Pl mice, we investigated the presence

of Tfh and Tph-like cells (T cell gating strategy in Supplementary Fig. 1A). We stained
splenocytes with CXCR5 and PD-1 to identify PD-1*CXCR5* Tth and PD-1*CXCR5~
Tph-like cells (Supplementary Fig. 2A). We detected both Tfh and Tph-like cells among
the memory CD4*CD45RA™ T cell compartment from mice reconstituted with adult HSCs
(Supplementary Fig. 2A) (Tth cells: mean 2.35% + 2.28 SD; Tph-like cells: mean 32.0
+14.96 SD; n= 16 PI mice). In contrast to CD45RA*CCR7* naive T cells, these cells
expressed markers associated with B cell helper function and inflammatory function,
including ICOS, CXCR3, and CCR2 (Supplementary Fig. 2B-D). The B helper function-
associated costimulatory marker ICOS tended to be expressed at higher levels on Tfth

cells compared to CD45RATCCR7* Tn cells, but expression levels on Tph-like did not
achieve significant differences from Tn or Tfh (Supplementary Fig. 2B). Moreover, Tth and
Tph-like cells differed in the expression of inflammatory chemokine receptors, as Tph-like
but not Tth cells exhibited increased expression of CXCR3 and CCR2 compared to Tn cells
(Supplementary Fig. 2C). In summary, these data demonstrate the presence of putative Tfh
and Tph-like cells in the spleens of PI mice.

3.2. Increased splenic Tfh and Tph-like cells in T1D compared to HC immune systems

We previously demonstrated that mice reconstituted with HSCs from T1D patients did not
develop insulitis or diabetes, despite robust immune reconstitution from BM HSCs [14].
However, we had detected an increased proportion of memory T cells in the peripheral
blood of the T1D-derived compared to the HC PI mice, which had a predominantly naive
T cell phenotype [14]. Here, the percentages of memory T cells among CD4 cells tended
to be higher in spleens of T1D-derived than HC-derived animals, but these differences did
not achieve statistical significance (data not shown). While CD4* T cell percentages were
similar, total CD4" T cell numbers were greater in T1D HSC-derived compared to HC
HSC-derived spleens, reflecting increases in memory-type but not in naive-type cells in
T1D-PI mice (Fig. 1A).

Circulating Tfh and Tph cells are increased in children at risk for T1D and in those with
recent onset T1D [7,8]. To determine whether or not these differences were genetically
programmed and HSC-intrinsic to T1D immune systems, we compared the frequencies

of Tfh and Tph-like cells in the spleens of PI mice generated with T1D or HC HSC (n
=4HC and 3 T1D donors, n= 12 HC mice and 6 TID mice). Increased percentages

of CD45RA™ CD4* T cells expressed PD-1 (Fig. 1B-C) and ICOS (Fig. 1E-F) in T1D
HSC-derived spleens compared to HC HSC-derived spleens, reflecting greater percentages
and absolute numbers of Tph-like cells and greater numbers of Tth cells in T1D compared
to HC HSC-derived spleens (Fig. 1B-C-D) (Tph-like: mean 26.39% + 18.45 SD for HC PI
mice and 48.75% + 23.07 SD for T1D PI mice; Tfh: mean 1.51% + 1.99 SD for HC PI
mice and 2.22% + 1.82 for T1D PI mice). We also assessed ICOS expression as a marker
of activated Tfh and Tph-like cells. Spleens from T1D HSC-derived mice also demonstrated
increased percentages of total ICOS* and ICOS*PD-1* Tph-like and increased absolute
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numbers of ICOS* Tph-like and Tfh cells compared to HC HSC-derived mice (Fig. 1E-F-G)
(T cell gating strategy in Supplementary Fig. 2A; examples of staining for PD-1 and ICOS
in Supplementary Fig. 3A). The frequencies and absolute numbers of Tfh cells correlated
with those of Tph-like cells (Supplementary Fig. 3B and data not shown). Collectively, our
data provide evidence for a genetically-determined tendency for CD4* T cells derived from
human T1D HSC to generate higher numbers of activated Tfh and Tph-like cells than HC
HSCs.

3.3. Increased autoimmunity-associated splenic B cells in T1D immune systems

We assessed the B cell compartment for alterations that might be associated with the
increased number of Tth and Tph-like cells in T1D compared with HC PI mice (B cell
gating strategy is provided in Supplementary Fig. 4A). No significant differences in the
percentages of splenic B cells were detected (Fig. 2A) between the groups, consistent with
our previous report, in which increased B cells were detected only in the peripheral blood
and not the spleen of T1D compared to HC HSC-derived Pl mice [15]. However, splenic
B cells of T1D PI mice contained reduced proportions of naive B cells and increased
proportions of unconventional memory CD27~IgD™ B cells compared to HC PI mice (Fig.
2B-C).

Activated B cells differentiate from naive B cells to antibody-secreting cells (ASC),
including short-lived plasmablasts (PB) and non-proliferating plasma cells (PC), which can
produce autoantibodies. While there was a trend toward increased CD19*CD20™ cells in
T1D compared to HC HSC-derived P1 mice (Fig. 2D), this did not achieve significance.
There were no differences in the percentage of CD138* PCs between HC and T1D PI mice
(Fig. 2E-F). Variable proportions of T1D and HC Pl mouse CD19*CD20* B cells expressed
IgG and IgA (Fig. 2G), indicating that class-switching occurred in both groups. IgM and 1gG
could be detected in sera of some T1D and HC PI mice (IgG antibodies deteceted in 1/4
T1D PI mice and 4/10 HC PI mice), but there were no significant differences between the
two groups (Fig. 2H), consistent with our previous report [15].

4. Discussion

We report here that Pl mice reconstituted with adult bone marrow HSCs and fetal thymic
grafts develop B-helper Tfh and Tph-like cells in the spleen. This study provides novel
evidence for the maturation of naive CD4 T cells to the Tfh and Tph-like stage in

human immune system mice. The Tth and Tph-like cells appear to be functional, as B
cell class switching and 1gG production was evident in the mice. Importantly, we provide
evidence that T1D patient HSCs are genetically programmed to enhance or accelerate
the development of these B cell helper CD4* T cell subsets, providing novel insight

into the underlying autoimmune processes that lead to autoantibody production and T1D
pathogenesis.

T-cell help for B cells is essential for class-switched high-affinity antibody responses and
B-cell memory. Human B cells from several types of HIS mice have been reported to

go through the first stages of development from pro-B, through pre-B and to immature

B cells in the bone marrow [18]. However, human B cells in HIS mice have shown
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severe limitations in class switching and affinity maturation in response to pathogens

or immunization with antigens [19,20]. B cells in HIS mice have been reported to be
predominantly immature and at best transitional, with a high percentage expressing CD5 and
CD10 [20,21]. A role for T cells in promoting B cell maturation was demonstrated in HIS
mice constructed from cord blood (CB) CD34* cells, in which the development or adoptive
transfer of autologous CB T cells produced this effect [22]. In HIS mice constructed with
human fetal thymus and fetal liver HSCs, long-term human cell reconstitution (greater than
20 weeks, when T cell reconstitution was well-established) was associated with development
of mature follicular B cells [19]. The robust HLA-restricted T cell reconstitution provided
by the combination of human thymus tissue and partly HLA-matched adult BM HSCs may
enhance the maturation of B cells that coexist long-term with the autologous T cells.

Tth and Tph can promote B cell differentiation in an IL-21-dependent manner, and
expansions of both cell types have been detected in peripheral blood in rheumatoid arthritis
[9,23], systemic lupus erythematosus [24,25] and T1D [7,8]. Our results demonstrate that
mice reconstituted with BM from T1D donors have greater absolute numbers of CD4*

T cells, memory CD4™ cells, Tfh and Tph cells compared to those reconstituted with
HC-derived BM. Of note, the T1D BM-derived Pl mice do not develop diabetes and we
have not detected infiltration of human T immune cells in the murine islets of these mice
[14], demonstrating that the increased Tfh/Tph phenotype is not a consequence of T1D.
Consistently, the expansion of Tfh and Tph-like cells precedes disease development in
humans destined to develop T1D [7,8].

Unconventional memory B cell frequency was increased, while the frequency of naive B
cells was reduced in spleens of T1D HSC-derived mice compared to those reconstituted
with HC HSCs. It has been suggested that unconventional memory CD2771gD™ B cells

can be either exhausted memory B cells that downregulate CD27, or are the product of a
defective germinal center reaction in which CD27, a marker of memory B cells, fails to
upregulate appropriately [26]. B cells in patients with systemic lupus erythematosus [27] and
rheumatoid arthritis [28] show downregulation of CD27 and IgD expression. B cells lacking
CD27 and IgD can be detected in heathy individuals at low levels within peripheral blood
and tonsils [27,29] but are expanded in peripheral blood of elderly patients [29].

We previously reported that TLD HSC-derived Pl mice generated increased numbers of
polyreactive/autoreactive B cell clones (reactive against double-stranded DNA, insulin, and
lipopolysaccharide) compared to HC HSC-derived PI mice, indicating defects in central B-
cell tolerance [15], and recapitulating a defect reported in patients with T1D [30] and other
autoimmune diseases [31]. It is possible that these cells differentiate into the unconventional
memory B cells that are enriched in PI mice. Studies in NOD mice indicate that autoreactive
B cells escape anergy and migrate from the peripheral blood into pancreatic lymph nodes,
where they present self-antigens to CD4* helper T cells [32,33] and a similar pathway may
contribute to the increased Tfh and Tph expressing markers of B helper function, including
PD-1 [34] and ICOS [35], in T1D- compared to HC HSC-derived PI mice.

The frequencies of splenic Tph-like cells correlated with those of splenic Tfh cells in T1D
and HC PI mice, suggesting a common developmental relationship between these two CD4*
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T cell subsets. Indeed, it has been suggested that Tph may be precursors of Tfth [36], and
T cell receptor and RNA-seq analyses of T cells from lymph nodes of patients with HIV
previously demonstrated that Tph are clonally related to Tfh cells and exhibit a common
epigenetic phenotype [37]. High dimensional analyses of circulating Tph and Tfh cells
from individuals with rheumatoid arthritis [9] and T1D [7] have identified shared markers
associated with B cell helper function e.g., PD-1, ICOS, IL-21, and distinct migratory
features, e.g., expression of CXCRS5 for Tth cells, and CCR2 for Tph cells, supporting the
hypothesis that Tph and Tth cells may be clonally related.

A limitation of our research is that it is mostly observational and does not focus on islet
antigen-specific T cells, which are thought to be involved in T1D pathogenesis and the
production of islet autoantibodies [38,39]. Kenefeck et al., have demonstrated that islet-
specific conventional T cells from pancreatic lymph nodes of DO1110 RIP-mOVA mice
have a typical Tfh gene signature, with elevated levels of CXCRS5, PD-1 and IL-21 [40].
Thus, future studies will need to address the direct role of human islet-specific Tph and Tfh
cells and their impact on peripheral B cell tolerance in T1D PI mice. Our insulin-reactive
TCR transgenic model [41,42] could be useful in dissecting this pathway.

Taken together, this study demonstrates that Pl mice provide an avenue to study the role
that Tth and Tph cells play in human autoimmune diseases such as T1D prior to disease
onset. More precisely, it: (a) provides the first evidence for the presence of splenic Tth and
Tph-like cells in HIS mice; (b) shows that Tph-like and Tfh cells are increased in TID
immune systems in an HSC-intrinsic manner that is likely genetically-driven; (c) shows
that there is an abnormal distribution of B cell subsets with an increased autoimmunity-
associated phenotype in T1D immune systems and that these changes are HSC-intrinsic
and likely genetically-driven. These results demonstrate the power of the Pl mouse model
to manifest genetically-predetermined immunoregulatory abnormalities in their de novo-
developed immune systems, thereby providing novel opportunities to unravel the pathways
by which pathological interactions between B cells, CD4* T helper cells and other human
immune cells can drive disease development.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Analysis of memory CD4* T cells, Tph-like and Tfh cells in spleens of T1D-derived Pl

mice. (A) CD4* T cells and absolute counts of CD4+ T cells, CD45RA + CCR7+ T

cells and CD45R0O + CD4+ T cells from of HC (n = 12) and T1D (n = 6) Pl mice of 4
independent experiments. (B) Representative staining for Tth and Tph-like cells gated on
memory CD4* T cells. (C) Frequency of PD-1*, Tph-like and Tfh cells among memory
CD4* T cells. (D) Representative staining for double positive PD-1+ and ICOS+ within
memory CD4* T cells. (E) Frequencies of ICOS*, ICOS*PD1* Tph-like and ICOS*PD1*
Tfh cells within memory CD4* T cells. (F) absolute numbers for Tph-like and Tth cells.
(G) Absolute numbers of ICOS+ Tph-like and ICOS+ Tth cells. For (A), Friedman test
was performed and corrected using Dunn's multiple comparisons test. For (B-C-D-£-F-G),
nonparametric Mann-Whitney test was used. Data are represented as mean + SEM. *P< .05
and **P < .005 (statistically significant).
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Characterization of B cell subsets in spleens of T1D and HC PI mice. (A) Frequency of
total CD19*CD20* B cells in HC (7 = 7) and T1D (17 = 8 Pl mice from 2 independent
experiments. (B) Representative staining and (C) aggregate summary of naive CD27-1gD*,
memoiy CD27*1gD™, unswitched CD27*IgD* and unconventional memory CD27-IgD"~

B cells. (D) Frequency of CD19*CD20~ cells among total human CD45™ cells. (E)
Representative staining and (F) analysis of CD138*CD19*CD20~ plasma cell frequencies.
(G) Frequencies of 1IgG*IgA~ and IgG~IgA* B cells are shown. (H) Serum IgM and IgG
levels in HC (n = 10) and T1D (7 = 4 Pl mice. Nonparametric Mann-Whitney test was used
to calculate *P < .05 and **P < .005 (statistically significant). Data are represented as mean

+ SEM.
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