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Abstract 

Background:  Patients with follicular lymphoma (FL) who experience disease progression within 24 months (POD24) 
have inferior outcomes. The tumor immune microenvironment (TIME) plays a crucial role in pathogenesis and 
progression of follicular lymphoma (FL). However, TIME evolution during progression of disease within 24 months 
(POD24) is elusive.

Methods:  Spatially resolved and single-cell image mass cytometry with a panel of 36 metal-tagged antibodies was 
used to quantitatively analyze the TIME structure in 13 paired FLs at diagnosis and POD24.

Results:  Follicles and peri-follicular regions were well dissected in structure. Peri-follicular regions represented a 
barrier for immune infiltration into the follicles. More FL-cells in the peri-follicular regions suffered CD8+T cells attacks 
under simultaneous protection of regulatory T cells (Tregs) and/or macrophages compared with that in the follicles 
irrespective of POD24. During POD24, increased CD163− macrophages with PD-1 ligand upregulation and decreased 
CD8+T cells with upregulated LAG-3 expression around FL-cells were observed in the follicles. Spatial analyses dem-
onstrated that FL-cells interacted more intimately with macrophages than with Tregs and less with cytotoxic T cells in 
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To editor
Patients with follicular lymphoma (FL) who experience 
disease progression within 24  months (POD24) have 
inferior outcomes [1, 2]. Current biological understand-
ing of POD24 is mainly based on alterations acquired at 
the time of diagnosis of FL [3], including gene-mutation-
based prognostic model POD24-PI [4] and TIME-based 
model BioFLIPI [5], but biological studies on POD24 
stages are rare. TIME played an important role in the 
progression of FL [3, 5, 6]. However, due to the lack of 
technologies that enable comprehensive spatial analysis 
at single-cell resolution with high-throughput pheno-
typic information, the evolution of TIME over the course 
of POD24 remains elusive.

Imaging mass cytometry (IMC) is a novo technology 
which enables the simultaneous spatial and phenotypic 
evaluation of up to 50 biomarkers from tissue sections 
stained with metal-tagged antibodies at single-cell reso-
lution [7, 8]. Therefore, we used IMC to analyze TIME 
evolution from diagnosis to POD24 using 36 metal-
tagged antibodies in 13 FL patients. IMC clearly identi-
fied follicles, peri-follicular regions, and the boundary 
in-between according to CD21/SMA/vimentin expres-
sion (Fig. 1A). A total of 12 clusters were identified in the 
TIME (Fig. 1B, C). Not all cells in the TIME directly inter-
acted with FL-cells due to spatial segmentation. There-
fore, analysis of neighboring components around FL-cells 
could reflect more accurately the microenvironment that 
each FL-cell resides in than cellular components in the 
whole sections. Macrophages (Mφs) were most abundant 
immunosuppressive subpopulation, which were twice 

as numerous as regulatory T cells (Tregs) adjacent to 
FL-cells at diagnosis or at POD24 (Fig.  1D, E). Further-
more, among the components that surround FL-cells, 
the percentage of CD163−Mφs but not CD163+Mφs 
increased at POD24 (Fig.  1E, F). However, the frequen-
cies of Tregs around FL-cells did not significantly change 
after POD24 (Fig.  1F). A decrease in CD8+ T cells 
around FL-cells after POD24 was observed (Fig.  1F). 
Further phenotypic analysis showed that CD163−Mφs 
around FL-cells displayed higher expression of PD-L1 
and PD-L2 (Fig. 1G), while CD8+T cells neighboring FL-
cells showed higher expression of lymphocyte activation 
gene 3 but not programmed cell death protein 1(PD-1) 
after POD24 (Fig. 1H). However, when comparing intra-
follicular TIME at diagnosis in patients with and with-
out POD24, immune components around FL-cells were 
similar between two groups (Additional file 1: Fig. S1A). 
Imbalanced evolution in CD163−Mφs and CD8+ T cells 
surrounding FL-cells might result in a more immunosup-
pressive TIME after POD24.

Although the dynamic variations of FL-cells indicate 
the presence of immunosuppressive TIME after POD24, 
the evolution of spatial interactions between FL-cells 
and the immune cells is unknown. Eight interaction 
patterns were identified based on the colocalization of 
FL-cells with Mφs, Tregs, and CD8+T cells (Fig.  2A). 
Besides more exclusive interaction with Mφs in the fol-
licular and peri-follicular regions (Pattern 4, Fig. 2B, F), 
more FL-cells simultaneously hijacked by Mφs and Tregs 
(Pattern 7) were observed in the follicles after POD24 
(Fig.  2C). Furthermore, fewer FL-cells interacted with 

both peri-follicular regions and follicles during POD24. In comparison, macrophages also cooperated more frequently 
with Tregs to simultaneously hijack FL-cells, creating an enhanced immunosuppressive environment in both peri-
follicular and follicular regions during POD24.

Conclusions:  Peri-follicular regions function as a barrier by recruiting both CD8+T cells and immunosuppressive cells, 
protecting follicular FL-cells from immune attack at diagnosis or POD24. FL-cells reside in a more immune-compro-
mised microenvironment and evade immune cell attacks during POD24. Novel immunotherapeutic approaches har-
nessing LAG-3, macrophages, and Tregs will be empowered to overcome poor outcomes in patients with FL POD24.

Keywords:  FL, TIME, POD, Immune signature, T cells

Fig. 1  Evolution of immune components around FL-cells in the follicles during POD24. A The lymph node structure shows that areas between the 
follicular and peri-follicular boundaries were clearly displayed with SMA, vimentin, and CD21; B–C Cells were divided into 12 categories including 
four FL subsets (clusters 1, 8, 10, and 11), two subsets of CD4+ helper T cells (Th) classified by inducible T cell costimulator (ICOS) expression 
including ICOS−Th (cluster 2) and ICOS+Th (cluster 12), two types of tumor-associated Mφs (TAMs): CD163+Mφs (cluster 4) and CD163−Mφs (cluster 
6), CD8+ T cells (cluster 5); normal B cells (cluster 9); and Tregs (cluster 7) and fibrotic reticular cells (FRCs, cluster 3) according to the indicated 
markers displayed by the heatmap (B) and t-SNE (C). D–E Pie charts of cellular components around FL-cells at diagnosis (D) and POD24 (E); F 
alterations in the frequency of immune cells surrounding FL-cells during POD24. G Heatmap of phenotypic alterations (left), and PD-L1/2 expression 
(right) in CD163− macrophages during progression of disease within 24 months (POD24) in FL. H Heatmap of phenotypic alterations (left), and PD-1 
and LAG-3 expression (right) in CD8+T cells during POD24 in FL. (*p < 0.05, **p < 0.01, ***p < 0.001, ordinate represent “Expression Arcsin Ratio to Ctrl,” 
which were calculated as follows: (Arcsin of POD24 – arcsin of primary)/Arcsin of primary

(See figure on next page.)
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Fig. 1  (See legend on previous page.)
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Fig. 2  Evolution of FL and immune cell interactions during POD24 in FL (A), scheme of analysis of interactions between FL and three types of 
immune cells. Total eight interaction patterns are proposed in the table (right) according to the colocation of FL and immune cells. The fractions of 
FL-cells with different interactions accounting for total FL-cells were calculated. Higher percentages of FL-cells exclusively interacting with Mφs were 
shown in Pattern 4 (B), while those simultaneously interacting with Mφs and Tregs were shown in Pattern 7 (C) in the follicles during POD24 in FL. 
A significant decrease in FL-cells exclusively interacting with CD8+T cells was shown in Pattern 2 (D) after POD24. Additionally, in the peri-follicular 
regions, decreased FL-cells exclusively interacting with CD8+T cells were shown in Pattern 2 (E), whereas more FL-cells exclusively interacting with 
Mφs were shown in Pattern 4 (F) during POD24 in FL (*p < 0.05, **p < 0.01, ***p < 0.001)
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CD8+T cells (Pattern 2) without protection of immuno-
suppressive cells like Mφs or Tregs (Fig. 2D, E). Intrigu-
ingly, we found that peri-follicular regions represented a 
barrier for immune infiltration into the follicles. FL-cells 
in follicles were found to interact more with themselves 
(Additional file 1 Fig. S2A,B) and separated spatially from 
the attack by CD8+T cells than that in the peri-follicular 
regions. In contrast, FL-cells in the peri-follicular regions 
suffered more CD8+T cells attacks than in the follicles 
(Additional file  1: Fig. S2F). Notably, more FL-cells that 
interacted with CD8+T cells in the peri-follicular regions 
were simultaneously protected by Tregs and/or Mφs than 
in the follicles (Additional file 1: Fig. S2C). Even FL-cells 
distant from CD8+T cells in the outer areas were pro-
tected more frequently by the cooperation of Tregs and 
Mφs compared with that in the central regions (Addi-
tional file  1: Fig. S2C). Moreover, the barrier functions 
of peri-follicular regions were not changed after POD24 
(Additional file 1: Fig. S2D, E).

In summary, IMC was applied to create a spatially pre-
served single-cell-resolution immune atlas from peri-
follicular to follicular regions of FL, providing novel and 
significant insights of TIME evolution during POD24. 
An enhanced immunosuppressive TIME was emerged 
during POD24, characterized by increased TAMs and 
fewer CD8+T cells, higher expression of LAG-3 around 
FL-cells as well as more cooperation with Tregs and 
TAMs around the FL-cells. Consequently, new therapeu-
tic approaches by modulating LAG-3, TAMs, or Tregs 
could potentially improve dismal survival in patients with 
POD24.
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