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Introduction
Systemic autoimmune diseases such as systemic lupus erythema-
tosus (SLE) and chronic graft-versus-host disease (cGVHD) are 
mediated by abnormal CD4+ T cell interaction with B cells and 
autoantibody deposition in target tissues such as the kidney and 
skin (1–4). The exacerbated autoimmunity in SLE is associated with 
enlarged germinal centers (GC), in which T follicular helper (Tfh) 
cells’ interactions with GC B cells lead to the production of long-
lived plasma cells and high-affinity IgG antibodies with somatic 
hypermutation (5). Tfh cells express high levels of PD1 that inter-
act with PD-L2 on GC B cells to augment antibody production (6), 
although PD1–/– mice still develop autoimmune syndromes with 
high concentrations of autoantibodies in the serum (7).

P selectin glycoprotein ligand 1 (PSGL1, also known as 
CD162) is widely expressed in almost all T cells in the blood 
and binds to E selectin and P selectin after appropriate gly-
cosylation and tyrosine sulfation, which regulates migration 

of immune cells into tissues (8). A subset of activated CD4+ T 
cells in the spleen of SLE mice downregulates expression of 
PSGL1, and they become CD44hiCD62L–PSGL1loCD4+ T cells 
(PSGL1loCD4+ T cells) (9). PSGL1loCD4+ T cells localize at the 
extrafollicular sites of systemic lupus mice, and they express 
high levels of CXCR4, ICOS, and CD40L without expression 
of CXCR5 (1). Unlike GC CXCR5+Tfh CD4+ T cell develop-
ment, CXCR4+PSGL1loCD4+ T cells develop outside GCs in an 
ICOS-dependent manner (9). PSGL1loCD4+ T cells from the 
spleen of SLE mice augment autoantibody production through 
IL-21 and CD40L in vitro, and they have been designated as 
extrafollicular B cell helpers (1, 9). However, it remains unclear 
whether PSGL1loCD4+ T cells interact with B cells in nonlym-
phoid tissues of autoimmune mice. In addition, PSGL1loCD4+ T 
cells in humans have not yet been reported.

cGVHD often occurs as a sequela of acute GVHD (aGVHD) 
(10). GVHD is a severe side effect of allogeneic hematopoiet-
ic cell transplantation (allo-HCT), in which alloreactive T cells 
attack target organs such as the gut, liver, lung, and skin (11). 
aGVHD is an acute inflammatory response mainly mediated by 
infiltrating alloreactive T cells, whereas cGVHD is mediated by 
autoreactive CD4+ T cells derived from T cells in the graft (12–14) 
and from failure of negative selection in the thymus (15, 16), by 
aberrant B cell signaling (17), and by abnormal CD4+ T and B 
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We induced overt cGVHD and mild cGVHD by injecting spleen 
cells (1.0 or 0.1 × 106) and T cell–depleted bone marrow cells 
(TCD-BM, 2.5 × 106) from MHC-mismatched C57BL/6 donors 
into lethal total body irradiation–conditioned (TBI-conditioned) 
BALB/c recipients, as previously described (16, 20). Recipients 
given TCD-BM alone were used as GVHD-free controls. Recip-
ients given 1 × 106 spleen cells developed overt cGVHD with 
body weight loss, hair loss, and mortality, and approximately 
37% survived for more than 60 days. Recipients given 0.1 × 106 
donor spleen cells developed mild cGVHD with some weight 
loss, but no clear hair loss or mortality, and all survived for more 
than 60 days (Supplemental Figure 1A; supplemental materi-
al available online with this article; https://doi.org/10.1172/
JCI135468DS1). Although the numbers of PSGL1loCD4+ T cells 
were not increased in the liver, they were significantly increased 
in the lung at 60 days after HCT in recipients with mild cGVHD 
compared with GVHD-free recipients, and they were greatly 
expanded in the liver and lung of recipients with overt cGVHD 
(Supplemental Figure 1B). As indicated by the presence of Tfh 
cells and GC B cells, splenic GCs persisted in recipients with 
mild cGVHD, but could not be detected in recipients with overt 
cGVHD (Supplemental Figure 1C).

PSGL1loCD4+ T cells are absent in the peripheral blood and skin, 
but expanded in the liver and lungs of overt cGVHD recipients. At 
60 days after HCT, recipients with overt cGVHD had moderate 
cellular infiltration and clear collagen deposition in the liver, 
lung, skin, and salivary gland, as well as IgG antibody deposition 
in the liver, lung, skin, and thymus tissues (Supplemental Figure 
2, A–C). The percentage and yield of PSGL1loCD4+ T cells were 
much higher in the liver and lungs of cGVHD recipients com-
pared with GVHD-free recipients. PBMCs and skin mononu-
clear cells from GVHD-free or cGVHD recipients contained few 
PSGL1loCD4+ T cells, with no differences between the 2 groups. 
The percentage and yield of PSGL1loCD4+ T cells among mono-
nuclear cells from intestinal tissues were low in GVHD-free and 
cGVHD recipients, with no difference between the 2 groups 
(Figure 1, A and B). At the onset of cGVHD, 30 days after HCT, 
PSGLloCD4+ T cells were not detectable in the blood or skin, 
whereas the percentage and yield of PSGL1loCD4+ T cells were 
much higher in the liver and lung of cGVHD recipients com-
pared with GVHD-free recipients (Supplemental Figure 3, A and 
B). Although donor-derived B cells were present in the liver of 
GVHD-free and cGVHD recipients on days 30 and 60 after HCT, 
they were nearly absent in the skin (Supplemental Figure 3C).

PSGLloCD4+ T cells in the GVHD target tissues are Trm cells. 
At day 30 after HCT, nearly all PSGL1loCD4+ T cells in the liv-
er and lungs were derived from the donor CD4+ T cells in the 
graft. By day 60, PSGL1loCD4+ cells derived from the marrow 
still accounted for a small percentage (Supplemental Figure 
4, A and B). The absence of PSGL1loCD4+ T cells in the blood 
circulation and their CD62L–CD44hi T effector memory pheno-
type (Tem) suggested that they could be Trm cells. Trm cells 
are characterized by high expression of CD69, CD103, CXCR6, 
and P2RX7, but low expression of CCR7 and S1PR1 (21).

To test the hypothesis that PSGL1loCD4+ T cells in cGVHD 
target tissues represent Trm cells, we compared the RNA-Seq 
profile of sorted splenic PSGL1loCD4+ T cells from GVHD-free 

interactions due to lack of donor-derived Treg cells (2, 18). CD4+ 
T cell interaction with B cells augments cGVHD via clonal expan-
sion of pathogenic CD4+ T cells and autoantibody production (4).

Others have reported that cGVHD pathogenesis was associ-
ated with enlarged GCs and that BCL6 deficiency in donor B cells 
prevented cGVHD (19). We recently reported that cGVHD causes 
destruction of lymphoid follicles and absence of GCs in the lym-
phoid tissues (20). cGVHD pathogenesis did not require donor 
B cell expression of BCL6 or GC formation, and development of 
the disease was associated with the expansion of extrafollicular 
CXCR5–BCL6+PSGL1loCD4+ T cells in GVHD target tissues (20). 
Our previous study left several important questions unanswered. 
How do PSGL1loCD4+ T cells in the GVHD target tissues inter-
act with B cells? Do PSGL1loCD4+ T cells circulate in the blood? 
To what extent do murine and human PSGL1loCD4+ T cells from 
GVHD target tissues have a similar phenotype and function?

Tissue-resident memory T cells (Trm cells) are CD44hiC-
D62L– with high expression of CD69, CD103, CD49a, CD101, 
and P2RX7, but low expression of KLF2/3, S1PR1, and CCR7 
(21). The low expression of S1PR1, CCR7, and CD62L restricts 
their egress from tissues into the circulation and ensures their 
residency in tissues (21). In addition, Blimp-1, Hobit, Runx3, 
and Notch are transcription factors that regulate Trm cell 
development and maintenance (21). Trm cells in healthy tis-
sues serve as a front line of defense against pathogens in the 
gut, skin, and lung (22). Trm cells also play an essential role in 
inducing local humoral responses by recruiting B cells during 
infection (23). Previous studies have not established whether 
Trm cells interact directly with B cells.

Autoimmune-like cGVHD can emerge after aGVHD or 
after HCT without preceding aGVHD (16, 18, 24). In the current 
studies, we used a murine model of cGVHD that emerged after 
aGVHD (16) and a newly established humanized MHC–/–HLA-
A2+DR4+ mouse model of cGVHD to show that tissue-resident 
murine and human PSGL1loCD4+ T cells augmented memory B 
cell differentiation into plasma cells and production of autoan-
tibodies in a PD1– and PD-L2–dependent manner.

Results
Expansion of PSGLloCD4+ T cells is observed in the liver and lungs 
of recipients with overt cGVHD, but not in those with mild cGVHD. 

Figure 1. PSGL1loCD4+ T cells reside in the liver and lung. Lethally irradiated 
BACL/c (H-2d) mice received TCD-BM plus splenocytes (cGVHD group) or 
TCD-BM alone (GVHD-free group) from C57BL/6 (H-2b) donors. (A) At 60 days 
after HCT, mononuclear cells from the PBMCs, spleen, small intestine, liver, 
lung, and skin were stained with anti–H-2Kb, TCRβ, CD4, CD62L, and PSGL1. 
(B) Mean ± SEM of the percentage among donor-type CD4+ T cells and yield 
of donor-type H-2Kb+PSGL1loCD62L–CD4+TCRβ+ cells are shown. N = 6–8, 
combined from 3 replicate experiments. (C) Scatter plot comparing PSGL-
1loCD62L–CD4+ T cells from GVHD-free and cGVHD recipients. The heatmap 
shows the core genes associated with tissue residency. Duplicated samples 
are pooled from 6–10 GVHD-free recipients or cGVHD recipients, respective-
ly. (D) Surface expression of CD69, P2RX7, CXCR6, CD49a, and CCR7 of the 
PSGL1loCD62L–CD4+ T cells was measured. Mean ± SEM of MFI is shown, N = 
6–8, combined from 3 independent experiments. P values were calculated by 
unpaired 2-tailed Student’s t tests (B) or by 1-way ANOVA multiple-compari-
sons test (D). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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Figure 2. Adjoining PSGL1loCD4+ T cells and B cells are present in cGVHD target tissues. At 60 days after HCT, liver (A and B) and lung (C and D) tissues of recip-
ients given C57BL/6 TCD-BM alone or with splenic Thy1.2 T cells were stained with IHC for B220, CD3, and CD4 separately or together (original magnification, 
×400; B and D bottom panel original magnification, ×630). (E) Liver sections were also stained with immunofluorescent mAb for CD4, PSGL1, and B220. The oval 
demarcates a region of accumulated PSGL1loCD4+T cells that colocalize with B220+ B cells. (F) Liver sections were stained with antibodies against CD4, PD-L2, 
and B220. Arrows show PD-L2+ B cells adjacent to CD4+ cells (E and F, original magnification, ×200). One representative experiment of 4 replicates is shown.
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previous report that donor T cell migration into different tissues 
is guided by their expression of chemokine receptors and corre-
sponding chemokines from the target tissues (25).

Since Tfh cells from the spleen of GVHD-free recipients were 
also mostly PSGL1lo (Supplemental Figure 7), we compared PSGL-
1loCD4+ T cells with the Tfh cells as well as with PSGL1hi and naive 
CD4+ T cells. We found that PSGL1loCD4+ T cells expressed low-
er levels of PD1, ICOS, SLAMF6, and MAF than Tfh cells; in con-
trast, compared with PSGL1hiCD4+ T cells, PSGL1loCD4+ T cells 
expressed significantly higher levels (Figure 3, D and E; and Sup-
plemental Figure 6, A and B). Although PSGL1loCD4+ T cells from 
cGVHD recipients had higher expression levels for Pd1 and Cxcr5 
mRNA compared with PSGL1hiCD4+ T cells, they had only higher 
expression levels of PD1, with little expression of CXCR5, as mea-
sured by flow cytometry (Figure 3, C and D; and Supplemental Fig-
ure 6A). Although PSGL1loCD4+ T cells had higher expression levels 
of PD1, they had lower expression levels of other anergy/exhaustion 
markers such as LAG3 and TIM3 and lower expression levels of the 
terminal differentiation marker KLRG1 and the T cell marker IL-7R 
(Figure 3G). Therefore, consistent with a report that PD1 expression 
level alone is not associated with alloreactive T cell anergy/exhaus-
tion status (26), these results suggest that PSGL1loCD4+ T cells had a 
PD1hi CXCR5– phenotype of extrafollicular B cell helpers.

PD1 deficiency in donor T cells leads to expansion of PSGL-
1loCD4+ T cells but reduction of autoantibody production. The role 
of PD1 expression by Tfh cells and its interaction with PD-L2 
expression by B cells is known to be important during T cell–B 
cell interaction in GCs (6), but it remains unclear during extra-
follicular T cell–B cell interaction, especially in nonlymphoid 
tissues. Therefore, we tested whether PD1 expressed by PSGL-
1loCD4+ T cells plays an important role in their interaction with 
B cells. Because of lack of mice with specific PD1 deficiency in 
T cells, we used PD1–/– C57BL/6 donors. Consistent with pre-
vious reports (27), PD1 deficiency in donor T cells markedly 
enhanced acute GVHD with different doses of donor spleen 
cells. The long-term survival was similar in recipients given 
0.0625 × 106 PD1–/– donor Thy1.2+ T cells and in recipients given 
0.25 × 106 WT donor Thy1.2+ T cells, and approximately half of 
the recipients survived up to 60 days in both groups with clin-
ical signs of cGVHD such as weight loss and hair loss (Supple-
mental Figure 8A). Because of the different donor T cell doses, 
we did not focus on clinical cGVHD severity in the 2 groups. 
Instead, we focused on changes in histopathology and percent-
ages of PSGL1loCD4+ T cells, naive B cells, memory B cells, and 
plasma cells in the spleen and the liver tissues, as well as total 
IgG and anti–dsDNA IgG concentrations in the serum.

We observed that recipients given PD1–/– donor T cells had 
more lymphocyte infiltration in the liver tissue, but less damage 
in the skin and salivary gland, and no significant difference in 
the lung (Supplemental Figure 8B). The recipients given PD1–/– 
donor T cells also had less collagen deposition in the skin and 
salivary gland, although no obvious difference in the liver or 
lung (Supplemental Figure 8C). Additionally, the recipients 
given PD1–/– T cells appeared to have less IgG deposition in the 
liver and skin tissues (Supplemental Figure 8D).

The yield of PSGL1loCD4+ T cells in the spleen and liver of recip-
ients given PD1–/– donor T cells was higher than that of recipients  

and cGVHD recipients at 30 days after HCT. PSGL1loCD4+ T 
cells from cGVHD recipients expressed typical Trm markers, 
with high expression of mRNA for Cd69, Cxcr6, P2rx7, and 
Il7ra and low expression of mRNA for Ccr7, S1pr1, Klrg1, and 
Klf2, although we found little difference in expression of Cd49a 
compared with PSGL1loCD4+ T cells from GVHD-free recipi-
ents (Figure 1C). Flow cytometry validated that PSGL1loCD4+ 
T cells from cGVHD recipients had high expression of CD69, 
CXCR6, and P2RX7 and low expression of CCR7, with little 
difference in CD49a expression (Figure 1D and Supplemental 
Figure 5). These results indicated that PSGL1loCD4+ T cells in 
cGVHD target tissues were Trm cells derived predominantly 
from mature T cells in the graft.

PSGL1loCD4+ T cells are PD1hiCXCR5– B cell helpers. Our 
previous studies suggested that extrafollicular PSGL1loCD4+ T 
cells in GVHD target tissues might have a B cell helper function 
because the absence of PSGL1loCD4+ T cells in the recipients 
was associated with reduction of anti-dsDNA autoantibodies 
(20). Consistently, in the current studies, with IHC staining 
and immunofluorescent staining, we observed apposed CD4+ 
T cells and B cells in the liver and lung tissues of cGVHD recip-
ients, but only scattered CD4+ T cells and B cells in the tissues 
of GVHD-free recipients (Figure 2, A–D). We also observed 
PSGLllo/–CD4+ T cells apposed with PSGL1hi/+ B cells (Figure 
2E). Many B cells juxtaposed to the CD4+ T cells appeared to be 
PD-L2+ memory B cells (Figure 2F). These results suggest that 
PSGL1loCD4+ T cells interacted with B220+ B cells and PD-L2+ 
memory B cells in the target tissues of cGVHD mice.

We compared gene expression and cell surface receptor 
profiles of PSGL1lo and PSGL1hiCD4+ T cells from cGVHD mice. 
PSGL1loCD4+ T cells and PSGL1hiCD4+ T cells in the spleen, 
liver, and lung had numerous differentially expressed genes 
(Figure 3, A and B). In at least 2 of the 3 organs, PSGL1loCD4+ T 
cells had high expression levels of genes for surface receptors 
related to T cell–B cell interactions, including Pd1, Icos, Cd40l, 
Slamf6, and Cxcr5, and low expression levels of genes for sur-
face markers related to anergy/exhaustion, including Tim3 and 
Lag3 (Figure 3C). They also had high expression levels of genes 
for nuclear factors Maf, Stat3, and Bcl6, but low expression 
levels of genes for Eomes and T-bet. They had high expression 
levels of genes for Il2, Cxcl13, and Il21, but low expression lev-
els of genes for Ifng (Figure 3C). Differential expression levels 
of proteins for surface receptors (i.e., PD1, ICOS, CD40L, and 
SLAMF6), nuclear factors (i.e., MAF), and cytokines (i.e., IL-21, 
IFNγ, and IL-13) were validated by flow cytometry (Figure 3, 
D–F; and Supplemental Figure 6, A–D).

Although the general gene expression profiles of PSGL-
1loCD4+ T cells from the spleen, liver, and lung appeared to be 
similar (Figure 3C), a more in-depth analysis showed that the 
PSGL1loCD4+ T cells from GVHD target tissues of the liver and 
lung had high activation of KEGG pathways, such as cytokine-cy-
tokine receptor interaction pathway and graft-versus-host dis-
ease pathway, as compared with PSGL1loCD4+ T cells from the 
spleen (Supplemental Figure 6, E–G). In cGVHD recipients, 
PSGL1loCD4+ T cells from the liver had higher expression of 
chemokine receptors such as Ccr5, Cxcr3, and Cxcr6 than those 
from the spleen (Supplemental Figure 6G), consistent with our 
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given WT donor T cells (Figure 4A). The CD19lo/–CD138+ plasma 
cells, CD19+IgD+CD80– naive B cells, and CD19+IgD–CD80+PD-L2+ 
memory B cells were gated, as shown in Supplemental Figure 8E. 
As compared with recipients given WT T cells, the recipients giv-
en PD1–/– T cells had no significant difference in the percentage of 
naive or memory B cells in the spleen and liver, but had a signifi-
cant increase in the spleen and slight decrease in the percentage of 
CD19lo/–CD138+ plasma cells in the liver (Figure 4B). In addition, 
the plasma cells in the spleen and liver of recipients given PD1–/– 
donor T cells had higher expression of Blimp-1 and IRF-4 (Supple-
mental Figure 8F), suggesting that they are IgG–producing cells, as 
previously reported (28). Although total serum IgG concentrations 
were not different between the 2 groups, the serum concentrations 
of anti–dsDNA IgG were significantly lower in recipients given 
PD1–/– donor T cells (Figure 4C).

The lack of obvious reduction in the percentage of plasma 
cells in the liver of recipients given PD1–/– T cells might result from 
augmented GVHD induced by PD1–/– T cells. Consistent with this 
notion, the liver of recipients given PD1–/– TCD-BM alone con-
tained higher percentages of memory B cells, but lower percent-
ages of plasma cells compared with recipients given WT-TCD-
BM alone (Supplemental Figure 8G). These results suggest that 
PD1 expression by PSGL1loCD4+ T cells was required for specific 
augmentation of anti–dsDNA IgG autoantibody production in 
cGVHD recipients. These results also suggest that PD1 expressed 
by PSGL1loCD4+ T cells may have augmented plasma cell expan-
sion and autoantibody production in GVHD target tissues.

PD-L2 deficiency in donor B cells and other myeloid cells leads 
to expansion of PSGL1loCD4+ T cells but reduction of autoantibody 
production. We also tested whether PSGL1loCD4+ T cell interac-
tion with B cells requires expression of PD-L2 by B cells. Because 
of lack of mice with PD-L2 deficiency specifically in B cells, we 
used PD-L2–/– C57BL/6 TCD-BM to provide PD-L2–/– B cells. WT 
Thy1.2+ (CD45.1+, 0.25 × 106) were cotransplanted with TCD-BM 
(5 × 106) from WT (CD45.1+) or PD-L2–/– (CD45.2+) donors into 
lethal TBI-conditioned BALB/c recipients. As compared with 
recipients given WT-TCD-BM, recipients given PD-L2–/– TCD-BM 
showed slightly better survival (Supplemental Figure 9A). Howev-
er, the recipients given PD-L2–/– TCD-BM cells showed less inflam-
mation and damage in the lung, skin, and salivary gland, although 

not in the liver. Collagen deposition in the lung, skin, and salivary 
gland and IgG antibody deposition in the liver and skin were also 
lower in recipients given PD-L1–/– TCD-BM cells compared with 
those given WT cells (Supplemental Figure 9, B–D).

At 60 days after HCT, the percentage and yield of PSGL1loCD4+ 
T cells were higher in the liver tissues, but not different in the spleen 
of recipients of PD-L2–/– BM compared with WT BM (Figure 4D). 
The CD19lo/–CD138+ plasma cells, CD19+IgD+CD80– naive B cells, 
and CD19+IgD–CD80+ CD73+ memory B cells were gated, as shown 
in Supplemental Figure 8E and Supplemental Figure 9E. The per-
centages of naive and memory B cells in the spleen and liver were not 
significantly different between the 2 groups, but plasma cells in the 
liver of recipients given PD-L2–/– BM were slightly reduced (Figure 
4E). Both total IgG and anti–dsDNA IgG concentrations in the serum 
were significantly lower in the recipients of PD-L2–/– BM compared 
with WT BM (Figure 4F). Interestingly, recipients given WT T cells 
and WT or PD-L1–/– TCD-BM cells showed no significant difference 
in total serum IgG or anti–dsDNA IgG concentrations, although the 
percentages of PSGL1loCD4+ T cells in the liver tissues were higher 
in recipients given PD-L1–/– BM compared with WT BM (Supplemen-
tal Figure 10, A–C). These results suggest that PD-L2 but not PD-L1 
expression by donor B cells was required to augment total IgG and 
anti–dsDNA IgG autoantibody production in cGVHD recipients.

PSGL1loCD4+ T cell interaction with B cells via PD1 and PD-L2 
augments autoantibody production. In the experiments described 
above, PD-1 deficiency was not confined to PSGL1loCD4+ T cells 
and PD-L2 deficiency was not confined to B cells. Therefore, 
we used adoptive transfer experiments to determine whether 
PSGL1loCD4+ T cell PD1 interacts with B cell PD-L2 and regu-
lates autoantibody production. As depicted in Figure 5A, sort-
ed CD45.1+PSGL1loCD4+ T cells and CD45.1+PSGL1hiCD4+ T 
cells (1 × 106) from the liver and lung of day 30 primary cGVHD 
recipients and sorted CD45.1+PSGL1loCD4+ T cells from the 
spleen of GVHD-free recipients were injected into GVHD-free 
adoptive BALB/c chimeras grafted with donor-type C57BL/6 
WT TCD-BM cells. Adoptive recipients given PBS were used 
as an additional control. At day 14 after cell transfer, the adop-
tive recipients were analyzed for the presence of the adoptively 
transferred CD45.1+ T cells in the spleen and liver, the percent-
age of plasma cells in the spleen and liver, and the serum con-
centration of total IgG and anti–dsDNA IgG.

The injected CD45.1+PSGL1loCD4+ T cells and CD45.1+PS-
GL1hiCD4+ T cells were present in both the spleen and liver of 
the adoptive recipients, but they localized preferentially in the 
liver, especially with cells that originated from the liver and 
lung (Supplemental Figure 11 and Figure 5B). The numbers of 
CD45.1+ T cells recovered from the spleen at day 14 after the 
adoptive transfer did not differ between recipients given non-
GVHD or cGVHD PSGL1lo cells or cGVHD PSGL1hi cells. The 
numbers of CD45.1+ T cells recovered from the liver at day 14 
after the adoptive transfer were more than 2-fold higher in recip-
ients given cGVHD PSGL1loCD4+ T cells than in recipients given  
non-GVHD PSGL1loCD4+ T cells. The numbers of CD45.1+ T 
cells recovered from the liver did not differ between recipients 
given cGVHD PSGL1lo or PSGL1hi CD4+ T cells (Figure 5B). These 
results indicated that PSGL1loCD4+ T cells and PSGL1hiCD4+ T 
cells from cGVHD target tissues preferentially home back to the 

Figure 3. Tissue-resident PSGLloCD4+ T cells are B cell helpers. PSGL1lo and 
PSGL1hi CD62L– CD4+ T cells from the spleen, lung, and liver of cGVHD recipients 
were sorted for RNA sequencing at 30 days after HCT. (A) Volcano plot of all 
gene expression levels between PSGL1hi and PSGL1lo CD4+ T cells. (B) Numbers 
of genes with high and low differential expression in PSGL1loCD4+ T cells com-
pared with PSGL1hiCD4+ T cells. (C) The heatmap analysis of clustered genes 
related to B cell helper features by PSGL1hi and PSGL1lo CD4+ T cells. (D) Surface 
expression levels of PD1, ICOS, CD40L, and SLAMF6 among naive CD4+ T cells, 
Tfh cells, PSGL1lo T cells and PSGL1hi CD4+ T cells. (E) Intracellular expression 
levels of MAF, BLIMP1, and BCL6. (F) Sorted PSGL1loCD4+ T cells from the liver 
tissue were stained for intracellular IL-21, IFNγ, and IL-13. Mean ± SEM of MFI is 
shown for IL-21, and percentages for IFNγ+ and IL-13+ cells. (G) Surface expres-
sion of T cell anergy/exhaustion-related receptors TIM3, LAG3, KLRG1, and 
IL-7R. Mean ± SEM of MFI is shown, N = 4–7 combined from at least 2 replicate 
experiments. P values were calculated by unpaired 2-tailed Student’s t tests 
(D–F) or 1-way ANOVA multiple-comparisons test (G). *P < 0.05; **P < 0.01; 
***P < 0.001; ****P < 0.0001.
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of non-GVHD and cGVHD PSGL1loCD4+ T cells increased the 
percentage of plasma cells in the liver, whereas injection of 
cGVHD PSGL1hiCD4+ T cells had no effect (Figure 5C). Simi-
larly, injection of non-GVHD and cGVHD PSGL1loCD4+ T cells 

GVHD target tissues after transfer into adoptive recipients.
As compared with controls given PBS, injection of PSGL-

1loCD4+ T cells or PSGL1hiCD4+ T cells did not change the percent-
age of plasma cells in the spleen of adoptive recipients. Injection  

Figure 4. PD1 deficiency in T cells and PD-L2 deficiency in B cells enhances expansion of PSGL1loCD4+ T cells in the liver but reduces autoantibody pro-
duction. Lethally irradiated BALB/c mice received Thy1.2+ T cells from PD1–/– donors and TCD-BM from WT donors (A–C) or Thy1.2+ T cells from WT donors 
and TCD-BM from PD-L2–/– donors (D–F). At day 60 after HCT, recipients were evaluated for percentage of donor-type PSGL1loCD4+ T cells among donor 
CD4+ T cells, absolute numbers of donor-type PSGL1loCD4+ T cells, and percentages of CD19+IgD+CD80– naive B cells, CD19+IgD–CD80+PD-L2+ and CD19+IgD–

CD80+CD73+ memory B cells, and CD19lo/–CD138+ plasma cells among CD19+ B cells in the spleen and liver. Mean ± SEM is shown, N = 5–8, combined from 2 
independent experiments. (A) Percentage and yield of PSGL1loCD4+ T cells in the recipients given WT or PD1–/– T cells. (B) Percentage of naive B, memory B, 
and plasma cells. (C) Serum total IgG and anti-ds DNA IgG autoantibody concentration detected by ELISA. (D) Percentages and yield of PSGL1loCD4+ T cells 
in the recipients given WT T cells or PD-L2–/– TCD-BM cells. (E) Percentage of naive B, memory B, and plasma cells. (F) Serum concentrations of total IgG 
and anti–dsDNA IgG autoantibodies. P values were calculated by 1-way ANOVA multiple-comparisons test (A, B, D, E) and unpaired 2-tailed Student’s t 
tests (C and F). *P < 0.05; **P < 0.01; ***P < 0.001.
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murine PBMCs give rise to PSGL1loCD4+ Trm cells in GVHD tar-
get organs. PBMCs (0.5 × 106, ~0.15 × 106 to 0.2 × 106 T cells) and 
TCD-BM cells (5 × 106) from C57BL/6 donors were injected into 
lethal TBI-conditioned BALB/c mice. Recipients given TCD-BM 
alone were used as controls. The recipients given PBMCs devel-
oped both acute and chronic GVHD as indicated by body weight 
loss and some early deaths (Figure 6A). Recipients that survived 
for more than 60 days developed typical cGVHD histopathology in 
the liver, lung, skin, and salivary gland (Figure 6B). As compared 
with GVHD-free recipients given TCD-BM alone, cGVHD recipi-
ents had higher percentages of PSGL1loCD4+ T cells in the spleen, 
liver, and lung (Figure 6C), and most of them expressed high levels 
of PD1, ICOS, and tissue-resident markers, including CD69 and 
CXCR6 (Figure 6D). These results indicated that PSGL1hiCD4+ T 
cells among PBMCs can give rise to PSGL1loCD4+ T cells in GVHD 
target tissues of MHC-mismatched recipients.

PSGL1hiCD4+ T cell differentiation into PSGL1loCD4+ T cells in 
cGVHD recipients is IL-6R/Stat3 pathway dependent. We previous-
ly reported that PSGL1loCD4+ T cell expansion in cGVHD recipi-
ents was Stat3-dependent (20), but it remains unknown whether 
PSGL1hiCD4+ T cell differentiation into PSGL1loCD4+ T cells is 
also Stat3 dependent. To answer this question, we transplanted 
PBMCs containing nearly 100% PSGL1hi T cells (0.5 × 106, ~0.15 
× 106 to 0.20 × 106 T cells) from CD45.2+ WT or Stat3–/– donors 
together with CD45.1+ TCD-BM cells (5 × 106) from WT donors 
into lethal TBI-conditioned BALB/c recipients. The recipients 
given PBMCs from WT donors developed acute and chronic 
GVHD with weight loss and approximately 70% (10/15) survived 
for more than 40 days; in contrast, the recipients given PBMCs 
from Stat3–/– PBMCs showed little signs of GVHD, and 100% 
(10/10) survived for more than 40 days (Figure 7A). The percent-
ages of PSGLloCD4+ T cells among the injected CD45.2+ donor T 
cells in the spleen, liver, and lung at 40 days after HCT were lower 
with Stat3–/– T cells than with WT T cells (Figure 7B). These results 
indicated that Stat3 promoted the differentiation of PSGL1hiCD4+ 
T cells into PSGL1loCD4+ T cells.

IL-6R signaling activates the Stat3 signaling pathway (29). 
Blockade of IL-6R signaling by anti–IL-6R mAbs ameliorates 
GVHD in murine models and in humans with concomitant 
expansion of Treg cells (30, 31). We tested whether blockade 
of IL-6R signaling by anti–IL-6R could regulate PSGL1hiCD4+ T 
cell differentiation into PSGL1loCD4+ T cells. Accordingly, lethal 
TBI-conditioned BALB/c recipients were grafted with CD45.2+ 
PBMCs and CD45.1+ TCD-BM. The recipients were treated with 
anti–IL-6R mAb or control rat IgG (500 μg/mouse) from days 
1 and 0 and then weekly for 4 weeks. Anti–IL-6R mAb treat-
ment reduced the severity of GVHD as indicated by lower loss 
of body weight (Figure 7C). Anti–IL-6R treatment also signifi-
cantly reduced the percentage of PSGL1loCD4+ T cells among 
the injected donor CD4+ T cells in the liver and lung, but not in 
the spleen (Figure 7D). Taken together, these results showed that 
the IL-6R/Stat3 signaling pathway promoted PSGL1hiCD4+ T 
cell differentiation into PSGLloCD4+ T cells in cGVHD target tis-
sues.Human peripheral blood T cells give rise to PD1hiPSGL1loCD4+ 
Trm cells that interact with B cells in the GVHD target tissues in 
humanized recipients. We tested whether human PSGL1hiCD4+ 
T cells gave rise to PSGL1loCD4+ T cells using a humanized 

increased serum concentrations of total IgG and anti–dsDNA 
IgG, whereas injection of PSGL1hiCD4+ T cells had no effect (Fig-
ure 5D). These results indicated that PSGL1loCD4+ T cells but not 
PSGL1hiCD4+ T cells from cGVHD target tissues augmented B 
cell differentiation to plasma cells and increased the production 
of IgG and anti-dsDNA autoantibodies.

To evaluate the role of PD-L2 expression by B cells inter-
acting with PSGL1loCD4+ T cells, CD45.1+PSGL1loCD4+ T 
cells from the liver and lung of primary cGVHD recipients 
were transferred into adoptive BALB/c chimeras grafted with 
C57BL/6 WT TCD-BM (WT chimeras) or PD-L2–/– TCD-BM 
(PD-L2–/– chimeras) (Figure 5E). The numbers of CD45.1+ 
T cells recovered from the spleen at day 14 were lower in the 
PD-L2–/– chimeras than in WT chimeras, but the numbers of 
cells recovered from the liver did not show a statistically signifi-
cant difference (Figure 5F). In WT chimeras, injection of PSGL-
1loCD4+ T cells increased the percentage of plasma cells in the 
liver and increased the serum concentrations of IgG and anti–
dsDNA IgG. But in PD-L2–/– chimeras, injection of PSGL1loCD4+ 
T cells did not increase either the percentage of plasma cells or 
the serum concentrations of IgG or anti–dsDNA IgG (Figure 5, 
G and H). These results indicated that augmentation of B cell 
differentiation and IgG antibody production by PSGL1loCD4+ T 
cells required B cell expression of PD-L2.

To evaluate the role of PD1 expression by PSGL1loCD4+ T 
cells, sorted WT or PD1–/– PSGL1lo CD4+ T cells from the liver 
and lung of primary recipients were transferred into adoptive 
BALB/c chimeras grafted with C57BL/6 TCRβ–/–TCD-BM cells 
(Figure 5I). The use of TCRβ–/–TCD-BM was to avoid the influ-
ence of BM-derived T cells. Again, the injected PSGL1loCD4+ T 
cells localized preferentially in the liver (Figure 5J). Injection 
of WT PSGL1loCD4+ T cells increased the percentage of plas-
ma cells in the liver and increased the serum concentrations of 
IgG and anti–dsDNA IgG. In contrast, injection of PD1–/– PSGL-
1loCD4+ T cells did not increase either the percentage of plasma 
cells or serum concentrations of IgG or anti–dsDNA IgG (Figure 
5, K and L). These results indicated that augmentation of B cell 
differentiation and IgG antibody production by PSGL1loCD4+ T 
cells in GVHD target tissues required their expression of PD1.

To evaluate the PD1 and PD-L2 interaction between PSGL-
1loCD4+ T cells and B cells, we supplemented the in vivo results 
with in vitro culture experiments. Sorted CD19+IgD+CD80– naive 
B cells and CD19+IgD–CD80+PD-L2+ memory B cells (2 × 104 to 5 × 
104 cells/well) from the spleen of TCD-BM recipients were cocul-
tured with PSGL1loCD4+ T cells (0.4 × 104 to 1 × 104 cells/well) 
from the liver and lung tissues of cGVHD recipients at a 5:1 ratio 
for 4 days in the presence of anti-PD1, anti–PD-L2, or isotype con-
trol. PSGL1loCD4+ T cells augmented IgG production by memory 
B cells but not naive B cells. The augmentation of IgG production 
by PSGL1loCD4+ T cells was blocked both by anti-PD1 and by anti–
PD-L2 mAb (Supplemental Figure 12, A and B). These results indi-
cated that PSGL1loCD4+ T cell augmentation of IgG production of 
memory B cells required direct PD1 interaction with PD-L2.

Peripheral blood T cells give rise to PD1hiPSGL1lo Trm cells in murine 
cGVHD recipients. Since almost all CD4+ T cells among PBMCs 
in donors and recipients were PSGL1hi, with few PSGL1loCD4+ 
T cells (Figure 1 and Supplemental Figure 3), we tested whether 
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approximately 45% T cells (Supplemental Figure 14A). At day 60, 
donor B cells were hardly detectable in the blood, liver, or lung 
tissues of control MHC–/– NSG recipients. Only approximately 
0.5% CD19+ B cells were detected among splenic mononuclear 
cells, and most of them were CD27–CD38– “naive” B cells (Sup-
plemental Figure 14B). On the other hand, CD19+ B cells could 
be detectable in the blood, spleen, liver, and lung tissues of HLA-
A2+DR4+ humanized NSG recipients with cGVHD. In the blood, 
approximately 80% of the B cells had a CD27–CD38– “naive” 
phenotype, approximately 20% had a CD27+CD38– memory B 
phenotype, and none had a CD27+CD38+ plasmablast phenotype. 
In contrast, B cells in the spleen, liver, and lung contained 25%–
50% CD27+CD38– memory B cells and 6%–8% CD27+CD38+ 
plasmablasts (Supplemental Figure 14C). These results indicate 
that human B cells were activated and expanded in humanized 
A2+DR4+ NSG mice with cGVHD.

To evaluate the interaction between PSGL1loCD4+ T cells and B 
cells in GVHD target tissues of humanized recipients, we used adja-
cent slides of formalin-fixed liver tissues to identify PSGL1loCD4+ T 
cells and memory B cells by combination IHC staining of the fol-
lowing: 1) Maf (T cell marker), CD4, and CD20; 2) Maf, PSGL1, and 
PAX5 (B cell marker); 3) CD4, PAX5, and CD27 (marker for mem-
ory B and CD4+ T cells) (Figure 9A). Because we observed that like 
other B cell helpers, PSGL1loCD4+ T cells expressed higher levels 
of MAF (Figure 3E), we calculated the numbers of MAF+CD4+ or 
MAF+PSGL1lo/– T cells that were juxtaposed with B cells. The num-
bers of MAF+CD4+ T cells colocalizing with CD20+ B cells and the 
numbers of MAF+PSGL1lo/– T cells colocalizing with PAX5+PSGL1+ 
B cells in the tissue were markedly higher than in control MHC–/– 
NSG recipients without cGVHD (Figure 9B). This was also consis-
tent with flow cytometry analysis that many donor B cells were 
present in the liver of humanized cGVHD mice, but few donor B 
cells were present in the liver of control mice (Supplemental Figure 
14, B and C). Taken together, human PSGL1loCD4+ T cells derived 
from PBMC PSGL1hiCD4+ T cells interacted with memory B cells in 
the liver tissue of humanized cGVHD recipients.

To directly evaluate the interactions of human PSGL1loCD4+ 
T cells with autologous B cells, sorted human PSGL1loCD4+ T cells 
from GVHD target tissues, including the spleen, liver, and lung 
of humanized HLA-A2+DR4+ NSG mice, were cocultured in vitro 
with sorted CD3–CD19+CD38lo/–CD27– naive or CD3–CD19+CD38–

CD27+ memory B cells from the same human PBMCs that were 
cryopreserved in liquid nitrogen when we performed the prima-
ry transfer experiments. Sorting of naive and memory B cells is 
depicted in Supplemental Figure 15A. PSGL1loCD4+ T cells did not 
augment naive B cell differentiation into CD138+CD27+ plasma 
cells (Figure 9C). In contrast, PSGL1loCD4+ T cells significantly 
augmented memory B cell differentiation into CD27+CD138+ plas-
ma cells (Figure 9D). Besides augmenting plasma cell expansion, 
PSGL1loCD4+ T cells also augmented IgG production, and the 
effect was blocked by IL-21R Fc (Figure 9E). Finally, blocking anti-
PD1 and anti–PD-L2 markedly reduced the yield of plasma cells 
in the culture (Figure 9F). As compared with naive B cells, human 
memory B cells expressed high levels of PD-L2 as indicated by the 
MFI of PD-L2 (Supplemental Figure 15B). These results indicat-
ed that human PSGL1loCD4+ T cells from GVHD target tissues of 
humanized murine recipients can augment autologous memory B 

murine model, in which MHC I and II–deficient (MHC–/–) NSG 
mice that expressed human HLA-A2 and HLA-DR4 (A2+DR4+ 
NSG) were used as recipients, and HLA-A2–DR4– healthy vol-
unteers were used as donors. A2–DR4– PBMCs containing 12 × 
106 T cells were injected into MHC–/–HLA-A2+DR4+ NSG recip-
ients or control MHC–/– NSG recipients. Whereas MHC–/– NSG 
recipients showed little signs of GVHD and appeared to be 
healthy, the A2+DR4+ NSG recipients developed severe GVHD 
with body weight loss and hair loss, although they all survived 
for more than 60 days (Figure 8A). The HLA-A2+DR4+ cGVHD 
recipients showed inflammatory infiltration; human IgG depo-
sition; collagen deposition in the liver, lung, skin, and salivary 
glands; and high serum concentrations of anti–dsDNA human 
IgG. In contrast, MHC–/– recipients showed some infiltration, 
but little human IgG or collagen deposition in the tissues and 
low serum concentrations of anti–dsDNA human IgG (Figure 
8, B–D; and Supplemental Figure 13A). These results indicate 
that HLA-A2–DR4– human PBMCs can induce autoimmune-like 
cGVHD in humanized MHC–/–HLA-A2+DR4+ NSG recipients.

PSGL1loCD4+ T cells were not present among PBMCs of A2+DR4+ 
NSG recipients with cGVHD, but 10%–20% of PSGL1loCD4+ T cells 
were present among donor CD4+ T cells in the spleen, liver, and lung 
(Figure 8E), and most of them expressed markers of Trm, including 
high expression of CD69 and low expression of CCR7 and no differ-
ence in CD103 expression, as compared with PSGL1hiCD4+ T cells 
(Figure 8F). In addition, PSGL1loCD4+ T cells had high expression of 
PD1, ICOS, and Tigit but not CXCR5 (Figure 8G). Finally, the PSGL-
1loCD4+ T cells in the liver produced IFN-γ and IL-21 and expressed 
CD40L (Supplemental Figure 13B). Taken together, these results 
indicated that PSGL1loCD4+ T cells derived from human peripheral 
blood T cells in GVHD target tissues of a humanized murine model 
were tissue-resident T cells with B cell helper potential.

Human PSGL1loCD4+ T cells augment autologous memory B cell 
differentiation into plasma cells in a PD1/PD-L2–dependent man-
ner. To evaluate whether experiments with murine cells are rel-
evant for human cells, we tested whether PSGL1loCD4+ T cells 
interact with B cells in humanized NSG recipients given whole 
human PBMCs containing approximately 12% CD19+ B cells and 

Figure 5. PSGL1loCD4+ T cell PD1 interaction with B cell PD-L2 augments 
B cell differentiation to plasma cells and IgG autoantibody production 
in adoptive transfer recipients. cGVHD was induced in BALB/c recipients 
by transplanting CD45.1+ TCD-BM alone or together with splenocytes from 
C57BL/6 donors. At 30 days after HCT, donor-type PSGL1loCD62L–CD4+ T cells 
and PSGL1hiCD62L–CD4+ T cells were sorted and adoptively transferred into 
irradiated BALB/c chimeras grafted with TCD-BM from C57BL/6 WT donors 
14 days previously. At 14 days after the adoptive transfer, numbers of the 
injected PSGL1loCD62L–CD4+ T cells and percentages of CD19lo/–CD138+ plasma 
cells among total donor CD19+ B cells in the spleen and liver were analyzed, and 
serum concentrations of total IgG and anti–dsDNA IgG were measured. Mean 
± SEM is shown, N = 5–8 combined from at least 2 replicate experiments. 
(A–D) Transfer of GVHD-free spleen-derived PSGL1loCD62L– cells, GVHD liver- 
and lung-derived PSGL1loCD62L– or PSGL1hiCD62L– CD4+ T cells into adoptive 
recipients with WT B cells. (E–H) Transfer of WT PSGL1loCD62L– CD4+ T cells 
into adoptive recipients with WT or PD-L2–/– B cells. (I–L) Transfer of WT or 
PD1–/– PSGL1loCD62L– CD4+ T cells into adoptive recipients with WT B cells. P 
values were calculated by 1-way ANOVA multiple-comparisons test (C, G, K) or 
multiple t tests (B, D, F, H, J, L). *P < 0.05; **P < 0.01; ***P < 0.001.



The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

1 2 J Clin Invest. 2021;131(1):e135468 https://doi.org/10.1172/JCI135468

combinations: 1) MAF (T cell marker), CD3, and CD20; 2) MAF, 
CD4, and CD20; 3) MAF, PSGL1, and PAX5 (B cell marker); 4) CD3, 
PAX5, and CD27 (marker for memory B cells and CD4+ T cells) (Fig-
ure 10C). As shown in Figure 9, we used MAF staining to identify the 
potential PSGL1loCD4+ T cells of the B cell helper. We observed that 
there were many T and B cells in the tissues (Figure 10C). We calcu-
lated the percentage of MAF+ T cells that were juxtaposed with PAX5+ 
B cells, and approximately 60%–80% of MAF+ T cells were CD3+, 
CD4+, or PSGL1lo/–, and approximately 20% of PAX5+ B cells were 
CD27+ memory B cells (Figure 10D). These observations suggest that 
an interaction between PSGL1lo/–CD4+ T cells and memory B cells 
existed in the liver tissue of cGVHD patients.

Discussion
Extrafollicular PSGL1loCD4+ T cells that help B cell production of 
autoantibodies in lymphoid tissue of autoimmune SLE mice were 

cell differentiation into plasma cells and augment their antibody 
production in a PD1- and PD-L2–dependent manner.

PDGL1loCD4+ T cells appear to interact with memory B cells in 
GVHD target tissues of cGVHD patients. Next, we attempted to 
link our studies of PSGL1loCD4+ T cell interaction with B cells in 
the mouse model and humanized mouse model to patients with 
cGVHD. Consistent with our studies using mouse and human-
ized mouse models (Figure 1 and Figure 8), PSGL1loCD4+ T cells 
were undetectable among PBMCs of healthy human donors or 
cGVHD patients (Figure 10, A and B). Because we observed 
PSGL1loCD4+ T cell and memory B cell interactions in the liver 
tissue of mouse and humanized mouse cGVHD recipients (Fig-
ure 2; and Figure 9, A and B), we tested whether similar interac-
tions exist in the liver tissue of cGVHD patients.

Similar to IHC staining with formalin-fixed tissues in Fig-
ure 9A, we used 4 adjacent sections with the following staining  

Figure 6. Donor PBMC PSGL1hiCD4+ T cells give rise to PSGL1loCD4+ T cells in cGVHD recipients. cGVHD was induced in BALB/c recipients by transplanting PBMC 
and TCD-BM cells from C57BL/6 donors. At 60 days after HCT, donor-type T cells were analyzed for the percentage of PSGL1loCD62L–CD4+ T cells, which were 
further analyzed for expression of tissue-resident markers (CD69, CXCR6, and CD103) and B cell helper markers (PD1, ICOS, and CXCR5). (A) Curves of the survival 
percentage and percentage of body weight change. N = 10, combined from 2 replicate experiments. (B) H&E staining of liver, lung, skin, and salivary gland. One 
representative micrograph is shown of 6 in each group (original magnification, ×200). (C) Representative flow cytometry patterns of PSGL1 versus CD62L after 
gating on H-2b+TCRβ+CD4+ T cells and mean ± SEM of percentage of PSGL1loCD62L–CD4+ T cells in the spleen, liver, and lung. N = 7. (D) Surface expression of CD69, 
CXCR6, CD103, PD1, ICOS, and CXCR5 among naive CD4+ T cells from donors and PSGL1loCD62L–CD4+ T cells from GVHD-free recipients and from cGVHD recipients. 
One representative histogram is shown of 6 in each group. P values were calculated by unpaired 2-tailed Student’s t tests. *P < 0.05; **P < 0.01; ***P < 0.001.
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(26). Consistently, both murine and human PD1hiPSGL1loCD4+ 
T cells from GVHD target tissues downregulated expression 
of anergy markers TIM 3 and LAG3, upregulated expression 
of B cell helper markers of ICOS and IL-21, and upregulated 
expression of tissue-resident receptors CD69, CXCR6, and 
P2RX7. Our adoptive transfer and ex vivo coculture experiments 
showed that sorted murine and human PSGL1loCD4+ T cells 
from GVHD target tissues augmented memory B cell differen-
tiation into antibody-producing plasma cells in a manner that 
depended on PD1 interaction with PD-L2. Taken collectively, 
we have demonstrated that murine and human PSGL1loCD4+ 
T cells are tissue-resident B cell helpers that do not circulate in 
the blood. They differ from PD1hiCXCR5– B cell helpers identi-
fied in human rheumatoid arthritis synovial fluid, a population 
that can circulate in the blood (33). They also differ from extra-
follicular CXCR5–CXCR4+PSGL1loCD4+ T cells in the spleen 
of SLE mice (9) because they lack expression of CXCR4. The 
transcriptional regulation of PD1hiPSGL1loCD4+ Trm cell differ-
entiation has not been fully defined. CD8+ Trm cell differentia-
tion in mice infected by herpes simplex virus is synergistically 
controlled by Hobit and Blimp 1 (34). Similarly, CD4+ Trm cell  

identified more than a decade ago by Craft et al. (9). We recently 
showed that PSGL1loCD4+ T cells are expanded in GVHD target 
tissues of autoimmune-like cGVHD mouse recipients that had 
destruction of lymphoid follicles (20). However, PSGL1loCD4+ T 
cells in humans have not been reported, and the function of PSGL-
1loCD4+ T cells in nonlymphoid tissues remained unclear. Using a 
murine model of cGVHD that emerges from aGVHD (16) together 
with a humanized MHC–/–HLA-A2+DR4+ cGVHD model, we have 
demonstrated that both mouse and human PSGL1loCD4+ T cells in 
GVHD target tissues are PD1hi tissue-resident B cell helpers that 
augment memory B cell differentiation into antibody-producing 
plasma cells through their PD1 interaction with PD-L2 on B cells. 
The extrafollicular PD1hi PSGL1lo B cell helpers from GVHD target 
tissues preferentially augment autoantibody production.

PD1hiPSGL1loCD4+ T cells from GVHD target tissues are 
pathogenic tissue-resident B cell helpers. High PD1 expression 
can indicate anergy or exhaustion, as is the case for PD1+ Eomes+ 
T cells in target tissues of aGVHD (32), and PD1 deficiency in 
donor T cells exacerbates aGVHD (27). Other results, however, 
have shown that alloreactive T cells with upregulated expression  
of PD1 alone in GVHD patients are not anergic/exhausted 

Figure 7. PSGL1hiCD4+ T cells differentiate into PSGL1loCD4+ T cells in an IL6R-Stat3–dependent manner. BALB/c recipients were given 0.5M PBMCs from 
WT or Stat3–/– donors plus 2.5M TCD-BM from CD45.1 donors, and tissues were harvested at day 40 after HCT. (A) Curves of the survival percentage and 
percentage of body weight change. (B) Mononuclear cells from the spleen, liver, and lung were stained with anti–H-2Kb, CD45.1, TCRβ, CD4, CD62L, and 
PSGL1. Mean ± SEM of the percentage of donor-type H-2Kb+PSGL1loCD62L–CD4+CD45.1–TCRβ+ among donor-type CD4+ T cells is shown. N = 8–10, combined 
from at least 2 replicate experiments. (C) Recipients were treated with anti–IL-6R mAbs or control IgG weekly, and tissues were harvested 40 days after 
HCT. Curves of the survival percentage and percentage of body weight change. (D) Percentages of donor type of H-2Kb+PSGL1loCD62L–CD4+CD45.1–TCRβ+ 
cells among donor-type CD4+ T cells are shown. N = 6–8, combined from 2 replicate experiments. P values were calculated by correlation test or log-rank 
test (A and C) or unpaired 2-tailed Student’s t tests (B and D). *P < 0.05; **P < 0.01; ***P < 0.001.
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cell PD1 interaction with PD-L2 on B cells in mouse models. This 
may result from PD-L2hi B cells in different tissues presenting 
different antigens to expand different autoreactive PD1hiPSGL-
1loCD4+ T cell clones. Our previous studies showed that CD4+ T 
cell and B cell interactions led to clonal expansion of autoreac-
tive CD4+ T cells in cGVHD recipients (3).

Extrafollicular PSGL1loCD4+ T cell interaction with B cells 
differs from PD1hiTfh interaction with B cells in the GC. PD1hiTfh 
interaction with GC B cells via PD1/PD-L2 was proposed to medi-
ate negative selection of autoreactive CD4+ Tfh cells, in addition 
to regulating GC B cell affinity maturation and formation of long-
lived plasma cells (6, 40). The presence of extrafollicular auto-
reactive PD1hiCD4+ T cells, including PD1hiCXCR5– Tfh-like cells 
in rheumatoid arthritis synovial tissues (33) and PD1hiCXCR5–PS-
GL1loCD4+ T cells in the target tissues of cGVHD described in the 
current studies, may indicate a lack of negative selection against 
autoreactive PD1hiCD4+ T cells during T cell–B cell interaction in 
the inflammatory nonlymphoid tissues.

Autoreactive PD1hiPSGL1loCD4+ T cells may be derived from 
anergic/exhausted autoreactive T cells among PSGL1hiCD4+ T 
cells in the donor PBMCs. Autoreactive T cells are present in the 
periphery of healthy individuals, often with anergic or exhaust-
ed phenotype (41), but they can be revived by lymphopenia or 
by exposure to inflammation (42–44). Consistently, we observed 
that although all CD4+ T cells in murine or human PBMCs were 
PSGL1hi before HCT, both gave rise to PD1hiPSGL1loCD4+ T cells 
in GVHD target tissues of recipient mice. Development of PD1hi 
PSGL1loCD4+ T cells in mice depends on IL-6R/Stat3 signaling. 
Our observations could explain why infusion of granulocyte-col-
ony stimulating factor (G-CSF)–mobilized blood grafts containing 
more donor T cells caused more severe autoimmune-like cGVHD, 
even though the severity of aGVHD was reduced (45, 46). Higher 
numbers of T cells in the graft may lead to more abundant autore-
active PD1hiPSGL1loCD4+ T cells that can augment the autoanti-
body production that worsens tissue damage.

PD1hiPSGL1loCD4+ T cell interaction with B cells indirect-
ly augmented cutaneous cGVHD pathogenesis by augmenting 
antibody production outside skin tissues. We reported that 
donor B cells contribute to cGVHD pathogenesis through their 
antigen-presenting cell (APC) function that expanded patho-
genic CD4+ T cells as well as their production of antibodies. 
IgG antibodies from donor B cells were not required to initi-
ate cGVHD, but were required for the persistence of cutane-
ous GVHD (3, 4). In the current studies, we found that donor-
type B cells and PD1hiPSGL1loCD4+ B cell helpers were nearly 
undetectable in the skin tissue of cGVHD mice and humanized 
cGVHD mice, although both PD1hiPSGL1loCD4+ T cells and 
B cells were present in the liver and lung. We observed IgG 
deposition and fibrosis in the GVHD target tissues of human-
ized mice with expansion of donor-type B cells in the liver and 
lung, but not in control mice without expansion of donor-type 
B cells. Therefore, we propose that cutaneous fibrosis results 
from deposition of autoantibodies produced by B-lineage cells 
located in other tissues such as the liver and lung.

We believe that targeting tissue-resident T cells may rep-
resent a potentially novel approach for preventing and treating 
autoimmune-like cGVHD and other autoimmune diseases.  

differentiation and production of proinflammatory cytokines 
and chemokines is synergistically regulated by Hobit and Blimp1 
(35). CD8+ Trm cells shape local and systemic secondary T cell 
responses, and Hobit+CD8+ Trm cells can give rise to circulat-
ing memory T cells that do not express Hobit (36). In RNA-Seq 
analysis, we found that neither PSGL1lo nor PSGL1hi CD4+ T cells 
from GVHD target tissues expressed detectable levels of Hobit, 
but they both expressed Blimp1, with no significant difference 
between them. Therefore, the transcriptional regulation of Trm 
cells in GVHD target tissues may differ from those in viral infec-
tion or autoimmune colitis (35). The role of Hobit, Blimp1, and 
other transcriptional factors in regulating CD4+ Trm formation 
in GVHD target tissues is under investigation.

IgG autoantibodies produced by memory B cells that interact 
with PSGL1loCD4+ T cells may augment fibrosis in GVHD target 
tissues. We observed that the presence of human PD1hi PSGL-
1loCD4+ T cells, memory B cells, and IgG antibody deposition in the 
humanized NSG mice were associated with markedly enhanced 
fibrosis in the GVHD target tissues. This is consistent with reports 
that anti-PDGFR and anti–cell membrane antigen autoantibodies 
augment cGVHD in patients (37, 38). Other factors may also con-
tribute to the fibrosis, because PSGL1loCD4+ T cells produce IL-17 
in addition to IL-21, IL-13, and IFN-γ (20). PD1+IL-17–producing 
CD4+ T cells mediated fibrosis in the lung (39).

Alloreactive CD4+ T cell–derived autoreactive PSGL1loCD4+ 
T cell interaction with B cells in GVHD target tissues augmented 
expansion of autoreactive B cells, leading to increased autoan-
tibody production. HLA-A2–/–DR4–/– human PBMCs showed lit-
tle expansion of B cells or little increase of serum anti–dsDNA 
human IgG in MHC–/– NSG recipients, but they showed expan-
sion of memory B and plasma cells and high-level serum anti–
dsDNA human IgG in MHC–/–A2+DR4+ NSG recipients, indi-
cating that alloreactive CD4+ T cells from human PBMCs can 
become autoreactive CD4+ T cells in GVHD recipients and acti-
vate autologous autoreactive B cells to produce autoantibodies. 
This is consistent with our previous report in mouse models that 
alloreactive CD4+ T cells become autoreactive T cells in cGVHD 
recipients (12). In addition, we found that the autoantibody pro-
duction in cGVHD recipients was dependent on PSGL1loCD4+ T 

Figure 8. Human PBMCs give rise to tissue-resident PSGL1loCD4+ T cells 
in humanized cGVHD mice. MHC–/– NSG or MHC–/–HLA-A2+DR4+ NSG mice 
were treated with 200 cGy TBI followed by injection of freshly isolated 
PBMCs from 3 HLA-A2–DR4– donors. PBMC from 3 donors were injected 
into 3 mice each. Recipients were monitored for development of GVHD 
for up to 60 days after HCT (A) Curves of percentage of body weight 
change and cutaneous GVHD score and representative photographs of 
1 GVHD-free MHC–/– mouse and 2 GVHD MHC–/–HLA-A2+DR4+ mice given 
the same human PBMCs. (B) Representative H&E and trichrome stains 
of liver, lung, skin, and salivary gland (original magnification, ×200). (C) 
Mean ± SEM of pathology score and trichrome staining areas. (D) Serum 
anti–dsDNA IgG concentration. (E) Representative flow cytometry patterns 
and mean ± SEM of percentage of PSGL1loCD4+ T cells. (F and G) Surface 
marker expression of CD69, CCR7, CD103, PD1, ICOS, CXCR5, and TIGIT by 
PSGL1lo in comparison with PSGL1hi T cells from the spleen, liver, and lung 
of GVHD HLA-A2+DR4+ NSG recipients. One representative of 3 replicate 
experiments is shown. P values were calculated by 1-way ANOVA (C, E) or 
unpaired 2-tailed Student’s t tests (D). *P < 0.05; **P < 0.01; ***P < 0.001.
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Figure 9. Human PBMC-derived tissue-resident PSGL1loCD4+ T cells augment autologous memory B cell differentiation into plasma cells with IgG antibody 
production. Humanized cGVHD mice were established as in Figure 8. (A) Adjacent 3 sections of liver tissues of control and cGVHD mice were stained with 1) 
anti–human MAF, CD4, and CD20; 2) anti–human MAF, PSGL1, and PAX5; or 3) anti–human CD4, PAX5, and CD27. White arrows point to B cells and red arrows 
point to T cells in different panels (original magnification, ×200; insets, ×800). (B) Quantification of total MAF+CD4+ T cells and MAF+PSGL1– T cells adjacent to 
B cells in the liver tissues. (C–F) Human PSGL1loCD45RO+CD4+ T cells from the spleen, liver, and lung of humanized cGVHD HLA-A2+DR4+ NSG recipients 60 days 
after cell transfer were sorted and cocultured with sorted autologous naive or memory B cells from cryopreserved PBMC. (C) Naive B cells (NB) alone or cocul-
tured with PSGL1loCD4+ T cells from the spleen, liver, or lung. Representative flow cytometry staining patterns of CD27 versus CD138 on B cells and percentages 
of plasma cells are shown. (D) Memory B cells (MB) alone or cocultured with PSGL1loCD4+ T cells from the spleen, liver, or lung. Representative flow cytometry 
patterns and percentages of plasma cells are shown. (E) Memory B cells cocultured with PSGL1loCD4+ T cells with or without neutralization of IL-21 with IL-21R-Fc. 
Percentages of plasma cells and IgG concentrations in culture supernatants are shown. (F) Memory B cells cocultured with PSGL1loCD4+ T cells with or without 
blocking anti-PD1 or anti–PD-L2. Yields of plasma cells and total IgG levels are shown. Each experiment was repeated at least twice. P values were calculated by 
unpaired 2-tailed Student’s t tests (B) or 1-way ANOVA multiple-comparisons test (E and F). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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cells alone does not control autoimmune diseases or chronic 
GVHD in all cases. Administration of NAD that targets P2RX7 
and augments apoptosis of Trm cells ameliorated colitis (35). 
It would be of interest to test whether targeting PSGL1loCD4+ 
Trm cells by NAD is effective for autoimmune diseases that do 
not improve after treatment with B cell–specific agents.

In summary, the current studies have unraveled new insights 
into T cell–B cell interactions in the nonlymphoid target tissues of 

In preclinical models, therapy with depleting anti-CD20 pre-
vented autoimmune cGVHD and other autoimmune diseases, 
but did not effectively treat ongoing cGVHD or autoimmune 
diseases, because expression of CD20 was lost by activat-
ed B cells in the tissue (47, 48). Blockade of B cell receptor 
(BCR) signaling by the Bruton’s Tyrosine Kinase (BTK) inhib-
itor Ibrutinib is effective in some patients with cGVHD and 
other autoimmune diseases (49, 50). Therefore, targeting B 

Figure 10. PSGL1lo MAF+ CD4+ T cells and CD27+ memory B cells accumulate in the liver lesions of cGVHD patients. (A) PBMCs from healthy controls and cGVHD 
patients were stained with anti–human CD3, anti–human CD4, anti–human CD45RA, and anti–human PSGL1. Flow cytometry staining patterns of 3 healthy 
controls and 4 cGVHD patients, and (B) the mean ± SEM of percentage of PSGL1loCD45RA–CD4+ T cells are shown. (C) IHC staining of 4 adjacent slides of liver 
biopsy tissues from cGVHD patient with (a) anti–human MAF, CD3, and CD20; (b) anti–human MAF, CD4, and CD20; (c) anti–human Maf, PSGL1, and PAX5; or (d) 
anti–human CD3, PAX5, and CD27. Representative result of 1 patient is shown for 5 cGVHD patients. White arrows point to B cells, and red arrows point to T cells 
(original magnification, ×400; insets, ×800). (D) Calculation of percentage of MAF+ T subsets or PAX5+ B cell subset that were juxtaposed to each other. P value 
was calculated by unpaired 2-tailed Student’s t tests (B and D). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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with the approval of Tasuku Honjo (Tokyo University, Tokyo, Japan). 
Spleen and bone marrow from PD-L2–/– C57BL/6 mice were provided 
by Karen M. Haas (Wake Forest School of Medicine, Winston-Salem, 
North Carolina, USA). MHC–/– NSG and MHC–/–HLA-A2+DR4+ mice 
were established by backcrossing β2m–/– MHC-II–/– NSG mice with 
HLA-A2+ or DR4+ NSG mice (The Jackson Laboratory) at the Animal 
Resources Center (ARC) of City of Hope.

GVHD patients and healthy donor information. The patients’ 
information including gender, age, disease, graft type, conditioning, 
GVHD prophylaxis, and GVHD grade are detailed in Supplemental 
Table 1. Control subjects are detailed in Supplemental Table 2.

Experimental procedures. Experimental procedures including (a) 
induction and assessment of GVHD; (b) isolation of lymphocytes from 
GVHD target tissues; (c) antibodies, flow cytometry analysis, and cell 
sorting; (d) histopathology, IHC, and tissue immunofluorescent stain-
ing; (e) tissue IgG deposition; (f) RNA sequencing analysis; (g) ELISA 
of total IgG and anti–dsDNA IgG; (h) adoptive cell transfer; and (i) T 
cell–B cell cocultures have been described in previous publications (3, 
4, 12, 16, 20, 33) and are described in Supplemental Methods.

Data availability. The RNA sequencing data have been deposited 
in the NCBI’s Gene Expression Omnibus database (GEO, GSE157566).

Statistics. Data were shown as mean ± SEM. Comparison of per-
centage of survival in groups was analyzed by log-rank test. Two-
group means comparison was analyzed by using an unpaired 2-tailed 
Student’s t test. For evaluation of 3 means, we used 1-way ANOVA 
multiple-comparisons test (GraphPad Prism version 7). P values less 
than 0.05 were considered to be statistically significant.

Study approval. The City of Hope IRB approved the study, and 
all subjects provided written informed consent according to the pro-
tocols in IRB file 15172.

cGVHD recipients. We propose that, as depicted in the diagram 
(Figure 11), donor-type alloreactive PSGL1hiCD4+ T cells from the 
donor graft interact with host-type APCs in the lymphoid tissues and 
become activated PD1hiPSGL1loCD4+ autoreactive T cells that recog-
nize autoantigens presented by donor B cells. This interaction leads 
to activation of autoreactive B cells and production of IgG antibod-
ies that augment damage in lymphoid tissues, resulting in lympho-
penia, as described in our previous publication (20). In the GVHD 
target tissues, the PD1hiPSGL1loCD4+ T cells differentiate into tissue- 
resident T cells with high expression of CD69, CXCR6, and P2RX7 in 
an IL-6R/Stat3–dependent manner. These cells may attract donor-
type activated/memory B cells into the target tissues. At the same time, 
those PD1hiPSGL1loCD4+ autoreactive T cells recognize autoantigens  
presented by the donor B cells and interact with the B cells via the 
TCR-MHC complex and other costimulatory molecules including 
PD1 and PD-L2. The interactions of T cell PD1 with B cell PD-L2 
lead to enhanced production of IgG autoantibodies that augment 
tissue damage. Our study found that circulating IgG autoantibodies 
also deposited in the skin, thereby augmenting skin GVHD, although 
neither PSGL1loCD4+ T nor B cells infiltrated the skin. Our data 
indicated that PSGL1hiCD4+ T cells can contribute to autoantibody- 
mediated cGVHD pathogenesis only by becoming PSGL1loCD4+ 
cells that acquire B cell helper function. The extent to which PSGL-
1hiCD4+ T cells contribute to the pathogenesis of cGVHD through 
autoantibody-independent mechanisms remains to be determined.

Methods
Mice. BALB/c and C57BL/6 mice were purchased from National Can-
cer Institute Laboratories. PD1–/– and PD-L1–/– C57BL/6 breeders were 
provided by Haidong Dong (Mayo Clinic, Rochester, Minnesota, USA) 

Figure 11. Development of tissue-resident PSGL1loCD4+ T cells and their interaction with B cells in GVHD target tissues. At acute GVHD phase, donor PSGL-
1hiCD4+ T cells interact with host APCs in the lymphoid tissues and differentiate into B cell helper of PD1hiPSGL1loCD4+ T cells in a IL-6/Stat3-dependent manner. 
The PSGL1loCD4+ T cells infiltrate GVHD target tissues and differentiate into Trm cells by upregulating expression of CD69, CXCR6 and P2RX7. The PD1hiCD4+ 
Trm cells augment memory B cell differentiation into plasma cells via their PD1 interaction with PD-L2 on the memory B cells and via secretion of IL-21. Plasma 
cells produce IgG antibodies that enter circulation and deposit in the GVHD target tissues such as skin to augment tissue damage during chronic GVHD phase.
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