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A B S T R A C T   

Selective T-cell depletion prior to cell or organ transplantation is considered a preconditioning 
regimen to induce tolerance and immunosuppression. An immunotoxin consisting of a recom-
binant anti-CD3 antibody conjugated with diphtheria toxin was used to eliminate T-cells. It 
showed significant T-cell depletion activity in the peripheral blood and lymph nodes in animal 
models used in previous studies. To date, a comprehensive evaluation of T-cell depletion and CD3 
proliferation for all lymphoid tissues has not been conducted. Here, two rhesus macaques were 
administered A-dmDT390-SCFBdb (CD3-IT) intravenously at 25 μg/kg twice daily for four days. 
Samples were collected one day prior to and four days post administration. Flow cytometry and 
immunofluorescence staining were used to evaluate treatment efficiency accurately. Our pre-
liminary results suggest that CD3-IT treatment may induce higher depletion of CD3 and CD4 T- 
cells in the lymph nodes and spleen, but is ineffective in the colon and thymus. The data showed a 
better elimination tendency of CD4 T-cells in the B-cell zone relative to the germinal center in the 
lymph nodes. Further, CD3-IT treatment may lead to a reduction in germinal center T follicular 
helper CD4 cells in the lymph nodes compared to healthy controls. The number of proliferating 
CD3 T-cell indicated that repopulation in different lymphoid tissues may occur four days post 
treatment. Our results provide insights into the differential efficacy of CD3-IT treatment and T- 
cell proliferation post treatment in different lymphoid tissues. Overall, CD3-IT treatment shows 
potential efficacy in depleting T-cells in the periphery, lymph nodes, and spleen, making it a 
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viable preconditioning regimen for cell or organ transplantation. Our pilot study provides critical 
descriptive statistics and can contribute to the design of larger future studies.   

1. Introduction 

For the treatment of malignant hematological diseases, a preconditioning regimen is conducive in allogeneic and gene-modified 
autologous cell to allow transplanted cells to efficiently engraft thus reducing the risk of graft rejection [1]. Myeloablative condi-
tioning (MAC) is a type of systemic chemoradiotherapy generally administered to younger patients, whereas reduced-intensity con-
ditioning (RIC), which involves a less toxic dose of alkylating agents and/or radiation, is performed for elderly patients or for those 
who have conditions which do not allow for MAC [2–5]. Although both methods are efficient for use in the bone marrow (BM) and 
peripheral blood (PB), adverse events may occur owing to the prolonged time of engraftment, prolonged use of immunosuppressants, 
or high risk of relapse for RIC [1,6]. In addition, anti-thymocyte globulin (ATG), a polyclonal IgG which targets human thymocytes or 
T-cells, is also widely used in preconditioning regimens prior to allogeneic stem cell transplantation; however, no clear guidelines exist 
for optimal ATG dosing [7]. Thus, safer and more targeted preconditioning regimens are being investigated. 

Anti-CD3 immunotoxin (CD3-IT) is a fusion protein comprising a targeting moiety, a recombinant anti-CD3 antibody conjugated to 
a toxic moiety, and a truncated form of diphtheria toxin (DT) [8]. Previous studies have shown that CD3-IT treatment can effectively 

Fig. 1. CD3-IT mediated efficient depletion of CD3 T-cells in multiple organs (A) The schedule of CD3-immunotoxin administration in two rhesus 
macaques. Bone marrow (BM) and inguinal LN (ILN) biopsies and peripheral blood (PB) samples were collected prior to the treatment; 25 μg/kg of 
CD3-IT was injected intravenously twice daily for four days; animals were observed for the next four days and then euthanized and necropsied for 
tissue analysis. (B) Flow cytometry of T-cell (CD3) and B-cell (CD20) subsets prior to (Pre-treatment) and after (Post-treatment) CD3-IT treatment in 
BM, PB and different lymphoid tissues. 
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deplete T-cells in peripheral lymph nodes (LNs) while sparing other immune cells in non-human primates (NHP) [9]. Therefore, CD3-IT 
can be used to target CD3 molecules as a preconditioning procedure to induce tolerance and immunosuppression prior to cell or organ 
transplantation [8–10]. CD3-IT application has provided promising results in chronic allograft nephropathy [11] and graft tolerance 
management studies in both hematopoietic cells [12] and organ transplantation [13–15] in NHP models. However, the efficacy of 
CD3-IT treatment in other lymphoid tissues, including the spleen, colon, and thymus, remains unclear. Importantly, T-cell recovery 
from lymphoid tissues after CD3-IT treatment has not been explored. To evaluate its efficacy as a preconditioning regimen, an in-depth 
understanding of the differential effects of CD3-IT is critical. 

In this study, we comprehensively evaluated multiple lymphoid tissues in rhesus macaques four days post CD3-IT treatment. Using 
a combination of flow cytometry and immunofluorescent (IF) staining, we found that CD3-IT induces more efficient T-cell depletion in 
the LNs and spleen than in the colon and thymus. Moreover, the treatment is more efficient for eliminating CD4 T-cells in the B-cell 
zone than in the germinal center (GC) of LNs. Approximately half of the GC T-follicular helper CD4 (Tfh) cells in LNs were depleted. By 
assessing the number of proliferating CD3 T-cells in different lymphoid tissues, the recovery of T-cells was estimated to be four days 
post CD3-IT treatment (summarized in the graphical abstract). 

2. Results 

2.1. CD3-IT treatment efficiently depletes T-cells detected by flow cytometry 

The CD3-IT treatment schedule is summarized in Fig. 1A. Two rhesus macaques were used in the present study. PB, BM, and LN 
biopsies were performed prior to CD3-IT treatment (Day − 5; D-5). Animals were injected with CD3-IT intravenously twice daily for 4 
days (from D-4 to D-1), PB and BM were collected, and necropsy performed four days post treatment. LNs from different locations, 
including inguinal LNs (ILNs), axillary (ALNs), submandibular LN (SLNs), mesenteric LN (MLNs), and those from other lymphoid 
tissues (spleen, thymus, and colon), were harvested during necropsy for T-cell evaluation. Flow cytometry data indicated the efficient 
depletion of CD3 T-cells in all tissues and in the periphery. As shown in Fig. 1B, high levels of CD3 T-cells were detected in BM, PB, and 
ILN prior to CD3-IT administration; however, limited T-cell levels were detected at the endpoint for all these samples in both animals. 
In the BM, the CD3 T-cell count significantly declined from 63.6% to 9.45% for RA1174, and from 50.0% to 3.31% for RA1209, with a 
mean decline of 50.42% ± 5.28% (p = 0.0407). Similar results were observed in PB: CD3 T-cells were decreased from 61.7% to 20.3% 
in RA1174, and from 48.5% to 5.27% in RA1209, with a mean decrease of 42.32% ± 1.29% (p = 0.0138). A significant decline was 
also observed in the ILN: T-cell count, which decreased from 86.8% to 14.1% in RA1174, and from 77.4% to 0.38% in RA1209, with a 
mean decrease of 74.86% ± 3.05% (p = 0.0184). For other lymphoid tissues, a 7.8% CD3 T-cell count was observed in the spleen of 
RA1174 and only 0.66% in that of RA1209; further, a 5.53% CD3 T-cell count was detected in the colon of RA1174 and 1.75% in that of 
RA1209; however, a lower efficiency was observed in the thymus of RA1174 which exhibited 55.8% of remaining CD3 T-cells; 
however, this was not so in case of RA1209 which exhibited 17.2% of remaining cells (Fig. 1B, post-treatment panel). Overall, the 
thymus presented the greatest relative resistance to CD3-IT treatment among all the lymphoid organs (55.8% and 17.2% in RA1174 
and RA1209, respectively). In addition, compared to RA1174, RA1209 exhibited even better depletion efficacy, with an almost 
complete depletion of CD3 T-cells (less than 6% cells remained), except for that in the thymus. 

2.2. Partial depletion of T-cells after CD3-IT treatment as detected by tissue staining 

In addition to flow cytometry, IF tissue staining was used to evaluate the efficacy of CD3-IT treatment in different lymphoid tissues 
by co-staining with CD20 (indicating the B-cell zone) and CD3 (indicating the T-cell zone) [16,17]. Since we did not collect enough ILN 
from RA1209 for IF staining, only the ALN, SLN, and MLN were stained and analyzed, and the mean percentage of CD3 T-cells in these 
three LNs was used to assess the CD3-IT treatment efficacy post treatment. The extent of depletion detected by IF was strikingly 
different from that detected by flow cytometry. As shown in Fig. 2A, T-cells located at the border of the T-cell and B-cell zones were less 
sensitive to CD3-IT, but the overall reduction in CD3 T-cells was significant in all three LNs. A higher depletion of CD3 T-cells was 
observed in ALN and SLN compared to MLN, with fewer cells remaining after CD3-IT treatment. However, the CD3 T-cell counts in 
these three LNs was unknown prior to treatment, making accurate comparison difficult. The mean percentage of CD3 T-cells in LNs 
post treatment was 38.4% ± 11.7% in RA1174 and 33.6% ± 20.1% in RA1209, which was much lower than that of the corresponding 
pre-treatment group (RA1174: 92.0% ± 3.3%; RA1209: 85.0% ± 4.2%) (Fig. 2E upper left). Compared to healthy control (HC: 83.6% 

Fig. 2. Significant depletion of CD3 T-cells in lymphoid tissues post CD3-IT treatment (A) Co-staining of CD3 and CD20 in the lymph nodes 
(LNs) pre- and post-CD3-IT treatment. Inguinal LN (ILN) was biopsied and stained as pre-CD3-IT. Axillary, submandibular, and mesenteric LNs 
(ALNs, SLNs, and MLNs, respectively) were harvested and stained as post-CD3-IT treatment. Scale bar = 200 μm. (B) Staining of CD3 and CD20 in 
healthy (HC) and CD3-IT-treated spleen. Scale bar = 100 μm; white line-circled area represents the white pulp (W) of spleen. (C) Co-staining of CD3 
and CD20 in HC and post treated colon. A 300 × 300 μm region was cropped from each 20× magnification image. Scale bar = 100 μm. (D) CD3 and 
CD20 staining in thymus post CD3-IT treatment. Scale bar = 100 μm; white line-circled area represents medulla (M), Green represents CD20 B-cells, 
and red represents CD3 T-cells. (E) CD3 T-cell percentage of different lymphoid tissues is summarized in a histogram (mean ± SD). The mean 
percentage of CD3 T-cells in the ALNs, SLNs, and MLNs was used for as post-LN. To evaluate the efficacy of CD3 depletion, 107.14 × 107.14 μm of 
each 20× magnified T-cell zone (n = 6) were selected randomly, and the number of CD3+ cells and total cells in the T-cell zone was calculated by 
ImageJ software. One-way analysis of variance (ANOVA) with Tukey’s multiple comparison was used for statistical analyses of data for the spleen 
and colon. Two-tailed unpaired t-test was used for analyzing efficacy in the LNs, ****p < 0.0001. 
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Fig. 3. Efficient depletion of CD4 T-cells post CD3-IT treatment. (A) Co-staining of CD3 and CD4 in the lymph nodes (LNs) pre- and post-CD3-IT 
treatment. Scale bar = 200 μm. (B) Staining of CD3 and CD4 in healthy (HC)- and CD3-IT-treated spleen. White line-circled area represents the white 
pulp (W) of spleen, scale bar = 100 μm. (C) Evaluation of CD4 depletion in the LNs and spleen. Inguinal LN (ILN) was used as pre-CD3-IT, the mean 
percentage of axillary, submandibular, and mesenteric LNs (ALNs, SLNs, and MLNs, respectively) was used as post-CD3-IT. 107.14 × 107.14 μm of 
each 20× magnified T-cell zone (n = 6) were selected randomly, and the number of CD4+ cells and total cells in the T-cell zone was calculated by 
ImageJ software. Data is presented as mean ± SD. Two-tailed unpaired t-test was used for statistical analyses in the LNs, and one-way analysis of 
variance (ANOVA) with Tukey’s multiple comparison was used for statistical analyses in the spleen, ****p < 0.0001. (D) Staining of CD3 and CD4 in 
HC- and CD3-IT-treated colon. A 300 × 300 μm region was cropped from each 20× magnification image. Scale bar = 100 μm. (E) CD3 and CD4 
staining in the thymus post CD3-IT treatment. White line-circled area represents the medulla (M), scale bar = 100 μm, the cyan panel represents CD4 
T-cells and the red panel represents CD3 T-cells. Association of CD4 with CD3 T-cells is indicated as white fluorescence in the merged panel. 
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± 7.5%), 35.1% ± 15.3% and 28.2% ± 7.2% of CD3 T-cells remained in the white pulp (circled area) of the spleen in RA1174 and 
RA1209, respectively (Fig. 2B & upper right panel of 2E), but no such effect was observed in the colon (Fig. 2C & lower right panel of 
2E). Within the thymus, an abundant CD3 T-cell count was identified in the cortex and medulla (circled area) of both animals (87.0% 
± 0.12% in RA1174 and 92.7% ± 0.1% in RA1209) (Fig. 2D & lower left panel of 2E). In the absence of healthy or pretreated thymus 
samples in our study, published data on CD3 T-cell counts in the thymus of age-matched healthy rhesus macaques [18] was used as a 
reference level for evaluation. In accordance with published control data, CD3 was presented extensively in both the cortex and 
medulla in our study, which indicates a minimal impact of CD3-IT treatment on the thymus. Taken together, these results show that 
CD3-IT treatment works efficiently in the LNs and spleen, but is less effective in the colon and ineffective in the thymus. 

To further evaluate the impact of CD3-IT treatment on T-cell subtypes, CD3 and CD4 T-cells in the above-mentioned lymphoid 
tissues were co-stained. The area outside the B-cell follicle was defined as the T-cell zone (the B-cell follicle is not shown in Fig. 3A). As 
shown in Fig. 2A, the mean percentage of CD4 T-cells in the ALN, SLN, and MLN was used to evaluate CD3-IT treatment efficacy in the 
LNs after treatment. The presence of CD4 T-cells was highly correlated with that of CD3 T-cells, as shown in the merged panels of Fig. 3. 
Prior to CD3-IT treatment, the percentage of CD4 T-cells in both recipients was approximately 90% (RA1174: 89.2% ± 4.6%; RA1209: 
88.3% ± 8.5%); however, it decreased significantly after CD3-IT treatment (RA1174: 37.1% ± 10.1%; RA1209: 35.3% ± 18.41%) 
(Fig. 3C, left). Approximately 50% depletion efficacy was observed in the spleen: compared to HC (80.6% ± 4.2%), 34.8% ± 10.3% 
and 33.6% ± 9.4% of CD4 T-cells were identified in RA1174 and RA1209, respectively (Fig. 3B & C right), but no difference was 
observed in the colon (Fig. 3D). CD4 T-cells were abundant in the thymus (Fig. 3E). 

Fig. 4. Lower numbers of CD4 cells in the B-cell zone and GC, and GC Tfh cells in the LNs post CD3-IT treatment (A) Representative images of CD4 
T-cells in the B-cell zone (indicated by CD20+ presence; data not shown) and germinal center (GC) (indicated by Bcl6+ cells in CD20+ region, data 
not shown) of the lymph nodes (LNs) before and after CD3-IT treatment. CD4 T-cells are shown in red and the nuclei are shown in blue. The GC, B- 
cell zone (B), and T-cell zone (T, the region other than B-cell zone) are indicated accordingly with white lines and letters. Scale bar = 100 μm. 
Depletion efficacy of CD4 (CD4+ cell count/total cell count) in the B-cell zone (B), and (C) GC, and (D) their changing folds (% CD4 in GC/% CD4 in 
B-cell zone), are summarized in histograms (mean ± SD), respectively. The mean value of axillary, submandibular, and mesenteric LNs (ALNs, SLNs, 
and MLNs, respectively) was used as post-LN. 107.14 × 107.14 μm of each 20× magnified T-cell zone (n = 6) were selected randomly, and the 
number of CD4 T-cells and total cells was calculated by ImageJ software. Two-way analysis of variance (ANOVA) with Tukey’s multiple comparison 
test was used in (B) and (C), and two-tailed unpaired t-test was used in (D), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (E) Representative 
images of GC Tfh cells in the LNs before and after CD3-IT treatment. GC Tfh cells were defined as CD4+Bcl6+ cells. CD4 is shown in red, Bcl6 is 
shown in cyan, and representative CD4+Bcl6+ cells are indicated by yellow arrow. Scale bar = 100 μm. (F) The ratio of CD4+Bcl6+ cells/CD4+ cells 
in GC. Data is presented as mean ± SD. The mean value of ALN, SLN, and MLN was used as post-LN. Eight GC-containing follicles were selected 
randomly, and cell numbers were calculated by Image J. Two-tailed unpaired t-test was used for statistical analyses, ***p < 0.001, ****p < 0.0001. 
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2.3. More efficient CD4 T-cell depletion in the B-cell zone than in the GC, and reduction of germinal center Tfh cells in the LNs 

The number of CD4 T-cells in the B-cell zone (non-GC area) and in the GC area of the LNs was then evaluated prior to and post CD3- 
IT administration. The B-cell zone was defined as that shown in Fig. 2A (data not shown here), and the region other than the B-cell zone 
was defined as the T-cell zone. The GC area was defined according to the presence of Bcl6+ cells in the B-cell zone [19]. CD4 T-cell 
counts decreased significantly in the B-cell zone of all LNs, and the mean percentage of CD4 T-cells in the B-cell zone decreased 
significantly from 20.7% ± 5.6%–9.6% ± 2.5% (p < 0.0001) in RA1174, and from 22.4% ± 3.9%–6.1% to 1.1% (p < 0.001) in 
RA1209 (Fig. 4A and B). In addition, a reduction in CD4 T-cells was also observed in the GC, where cell numbers were decreased 
significantly from 18.1% ± 6.7%–11.0% ± 3.8% (p = 0.0048) in RA1174, and from 16.7% ± 4.6%–10.6% ± 2.9% (p = 0.002) in 
RA1209 (Fig. 4A and C). There was a clear interaction between CD4 T-cells of the B-cell zone and those of the GC (two-way Analysis of 
Variance (ANOVA), F1,44 = 30.68, p < 0.0001) in RA1209, and CD4 T-cells in the GC were more resistant to CD3-IT treatment 
compared to those in the B-cell zone (Fig. 4D). 

Fig. 5. Higher numbers of proliferating CD3 T-cells post CD3-IT treatment 
Representative images of proliferating CD3 T-cells prior to and after CD3-IT administration in the (A) lymph nodes (LNs), (B) healthy (HC) and CD3- 
IT-treated spleen, and (C) colon. CD3 T-cells are shown in red, and the proliferation marker Ki67 is shown in cyan. CD3+Ki67+ cells were considered 
proliferating CD3 T-cells and are indicated by yellow arrows. The nuclei were stained with DAPI and are shown in blue. (D) The ratio of proliferating 
CD3 T-cells in the LNs (mean ± SD). The mean value of axillary, submandibular, and mesenteric LNs (ALNs, SLNs, and MLNs, respectively) was used 
as the post-LN. The two-tailed unpaired t-test was used for statistical analysis. (E) The ratio of proliferating CD3 T-cells in the spleen (mean ± SD). 
One-way analysis of variance (ANOVA) with Tukey’s multiple comparison test was used for statistical analyses. 107.14 × 107.14 μm of each 20×
magnified T-cell zone was selected randomly in (D) and (E) (n = 6), and the number of CD3+Ki67+ cells and total CD3+ T-cells were calculated in T- 
cell zone using Image J software (**p < 0.01, ***p < 0.001, ****p < 0.0001). (F) CD3 and Ki67 staining in the thymus. The areas labeled ‘M’ 
represent the medulla. All images were captured at a magnification of 20×. Scale bar = 100 μm. 
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GC Tfh cells are specialized providers of T-cells that help B-cells and are essential for GC formation as well as for the generation of 
long-lived, high-affinity B-cells [20,21]. In this study, the transcription factor B-cell lymphoma 6 (Bcl6) and CD4 were used as in-
dicators to assess the presence of GC Tfh cells (Bcl6+CD4+). The data showed a significant depletion of Tfh in both animals: the mean 
percentage of Tfh cells decreased from 26.4% ± 6.0%–15.2% ± 2.5% (p = 0.0002) in RA1174, and from 39.0% ± 8.6%–15.7% ±
7.8% (p < 0.0001) in RA1209 following CD3-IT treatment (Fig. 4E and F). Taken together, the results indicate that CD3-IT treatment 
depletes CD4 T-cells more efficiently in the B-cell zone than in the GC and can reduce GC Tfh cells in LNs. 

2.4. Increase in the proliferation of CD3 T-cells post CD3-IT treatment 

T-cell recovery was evaluated by examining the proliferation of CD3 T-cells in different lymphoid tissues. The cellular proliferation 
marker Ki67 was co-stained with CD3, and the presence of Ki67 and CD3 double-positive cells (Ki67+CD3+) indicated the presence of 
proliferating CD3 T-cells [22]. Ki67+CD3+ cells were barely detected in the LNs prior to CD3-IT treatment (RA1174: 2.4% ± 1.1%; 
RA1209: 0.8% ± 0.6%, Fig. 5A & D, Pre-LN), and were not detected in the healthy spleen (Fig. 5B, HC-Spleen) and colon (Fig. 5C, 
HC-Colon); however, significantly augmented numbers of Ki67+CD3+ cells were observed four days post T-cell depletion, with a mean 
increase in LNs (RA1174: 13.2% ± 3.0%, p = 0.0001; RA1209: 21.2% ± 7.1%, p < 0.0001), as well as in the spleen (RA1174: 8.6% ±
3.6%, p = 0.0001; RA1209: 6.5% ± 2.8%, p = 0.0016) (Fig. 5B & E) and colon (RA1174: 10.1% ± 3.2%, p < 0.0001; RA1209: 11.6% 
± 3.8%, p < 0.0001) (Fig. 5C & E). In addition, abundant numbers of Ki67+CD3+ cells, mainly concentrated in the cortex compared to 
the medulla, were observed in the thymus, which is consistent with previously published human data, showing a stronger positive 
signal for Ki67 in the cortex than in the medulla of a healthy thymus [23] (Fig. 5F). Taken together, we observed a higher number of 
proliferating CD3 T-cells in the LNs, spleen, and colon after CD3-IT administration, along with a higher number of proliferating T-cells 
in the thymus (detected in the cortex than in the medulla), indicating the rapid recovery of CD3 T-cells after CD3-IT treatment. 

3. Discussion 

CD3-IT administration is a preconditioning regimen used for multiple clinical applications. Our study revealed the effects of CD3-IT 
treatment on T-cell depletion in multiple lymphoid organs of rhesus monkeys. Our data showed the effective elimination of both CD4 
and total CD3 T-cells in peripheral LNs and spleen following CD3-IT treatment, which is consistent with previously published data [9, 
12]. However, this treatment showed limited efficacy in the colon and thymus. Following treatment, lower levels of T-cells were 
detected by flow cytometry in the LNs, spleen, and thymus four days post CD3-IT treatment. Interestingly, tissue staining revealed a 
differential impact of CD3-IT treatment on different lymphoid tissues: T-cells were observed at higher levels, ranging from approxi-
mately 30% in the LNs to approximately 40% in the spleen; virtually no depletion (approximately 90% residual) was observed in the 
thymus, which explains why a thymic irradiation or additional monoclonal antibody injection is included in allograft transplantation 
protocol in some cases [24–26]. We postulate that flow cytometry detects T-cells that are more similar to their circulating counterparts, 
which are easily acquired during the cell isolation, whereas tissue staining can detect residual T-cells that are less accessible. Different 
stromal and fibroblastic reticular cells within the lymphoid organs constitute their internal architecture. These cells mediate 
lymphocyte migration by serving as scaffolds, and maintain the microenvironment by secreting chemokines, adhesion molecules, and 
other mediators [27,28]. Thus, it is possible that T-cells are highly adherent to their microenvironment, making it difficult to detect 
these by flow cytometry. Another reason might be the dilution effect in large population analysis of cells by flow cytometry versus a 
more localized analysis made possible by tissue staining. Thus, the combined measurement approach used in our study provides both 
the peripheral and localized impacts of CD3-IT treatment. Overall, our results indicate that a combination of flow cytometry and tissue 
staining provides more accurate results for evaluating CD3-IT treatment efficiency in lymphoid tissues. 

GCs are organized microstructures within B-cell follicles of lymphoid tissues, where memory B-cell and plasma cells are formed 
[21]. Only a few distinctive T-cells (such as Tfh) can migrate into the GC to induce its formation and the proliferation and generation of 
long-lived, high-affinity B-cells [20,21]. Compared to other T-helper cell subsets, specific transcription factors, such as Bcl6, the master 
regulator of Tfh, are used as markers to distinguish Tfh cells [29,30]. In this study, using CD4 and Bcl6 to identify Tfh cells, we observed 
that the fraction of Bcl6+CD4+ Tfh cells in the GC of LNs, four days post CD3-IT treatment, was approximately 50% lower than that of 
the pre-treated samples. Lymphoid organs are thought to be the reservoirs of HIV infection, in the GC of which viruses can hide during 
infection [31–33] and the clinical latency asymptomatic phase [34,35]. Partially due to the support of Tfh cells in the GC [36,37], the 
cessation of antiretroviral therapies leads to virus recovery [38]. Considering that CD3-IT treatment depleted approximately half of the 
Tfh cells in the LNs in our study, this preconditioning approach in combination with CD4-directed chimeric antigen receptor-T-cell 
therapy, may provide additional benefit for HIV treatment. 

In addition to evaluating the depletion efficiency of the immunotoxin, T-cell recovery should also be evaluated after treatment. 
Ki67 is a nuclear protein that is strictly associated with cellular proliferation [39], and T-cell recovery can be evaluated by co-staining 
with Ki67 and CD3. Upregulation of proliferating CD3 T-cells was observed in all lymphoid tissues, despite the depletion of T-cells 
being marginal in the colon and thymus. The increased number of T-cells in the LNs and the spleen implied that the recovery of T-cells 
started on (or had already started by) day 4 post CD3-IT administration; however, a higher number of animals and time points should 
be used in future investigations to precisely evaluate the time frame of CD3 T-cell recovery. A previous study showed that Ki67 was 
broadly expressed in the thymic cortex of 20 human subjects with athymic lesions of various ages [23]. Consistent with these results, in 
this study, we observed abundant Ki67 expression in the cortex and limited expression in the medulla. The thymus is the primary site of 
T-cell lymphopoiesis during the early postnatal life, and the cortex, which contains more lymphocytes than the inner medulla, is the 
initial site for T-cell differentiation [40]. It is believed that T-cells develop in the cortex, migrate to the medulla, and enter the 
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circulation via lymphatics or blood vessels of the medulla [41]. In this study, because the administration of CD3-IT treatment had no 
impact on the thymus, T-cells that continued to develop in the cortex could explain the detection of large numbers of proliferating CD3 
T-cells. Another possibility is that the elimination of T-cells in the periphery triggered the thymus to produce more T-cells as a ho-
meostatic response, resulting in an increase in proliferating T-cells in the cortex. 

This present study had two limitations. One is the limited number of recipients, as this study was a preliminary test of an ongoing 
study and we had a limited total number of animals. The other limitation is the lack of side-by-side comparisons between the LNs and 
different anatomic sites, including the thymus. Both factors limited the statistical inferences and estimations. However, this pre-
liminary study provides critical descriptive insights that will inform the future research. 

4. Conclusions 

This study showed the effect of CD3-IT treatment on multiple lymphoid tissues; the treatment effectively depleted CD3 T-cells and 
caused a more significant depletion of CD4 T-cells in the B-cell zone than in the GC. It also reduced the number of GC Tfh cells in the 
LNs by approximately half. The study also revealed the ongoing recovery of T-cells after preconditioning. Overall, our study provides 
insights into the impact and effectiveness of CD3-IT treatment and supports its application as a preconditioning regimen for cell or 
organ transplantation. 

5. Materials and methods 

5.1. Animal care, ethics statements, and treatment 

The two rhesus macaques (6-year-old specific pathogen-free males, ID numbers RA1174 and RA1209) used in this study were kept 
and maintained according to federal guidelines and policies of the Veterinary Research Program of the National Institutes of Health, 
and the protocols (protocol H-0136R3) were approved by the Animal Care and Use Committee of the National Heart, Lung, and Blood 
Institute. Recipients were received CD3-IT (A-dmDT390-SCFBdb, C207, NIH Nonhuman Primate Reagent Resource, Cat# PR-0307, 
RRID: AB2819336) intravenously twice daily for four days at 25 μg/kg [42] over 30 s followed by a 10 ml phosphate buffer saline 
(PBS) flush [12]. BM and ILN biopsies as well as PB collection was performed prior to the CD3-IT administration, and necropsy was 
conducted four days post CD3-IT treatment. 

5.2. Tissue collection, processing, and flow cytometry 

All antibodies used for flow cytometry were purchased from BD Biosciences. PB and BM were collected before necropsy, stored on 
ice, and processed immediately after collection. Briefly, cells were lysed with ACK RBC lysis buffer (ThermoFisher Scientific), washed 
with cold 1 × PBS twice, and suspended in staining buffer after cell counting. All lymphoid tissues were collected post perfusion during 
necropsy. Tissue storage and lymphocyte isolation were performed as previously described [43]. Briefly, tissues were maintained in 
R10 medium on ice until processing. LNs from different locations, including ALNs, SLNs, MLNs, and ILNs were harvested and split in 
half: one half was used for flow cytometry and the other was fixed in 10% neutral buffered formalin for paraffin-embedded IF staining. 
The LNs and spleen were chopped with scissors and placed in sterile petri dishes containing R10 medium and 100 μl of 5 mg/ml 
DNase1 (Sigma) and then transferred into a 70 μm strainer, meshed with a syringe plunger, collected, and suspended in 200 μl R10 
medium. For the thymus and colon, first the fat was removed and then the organs were chopped into small pieces. These were then 
placed in urine cups supplied with R10 medium, DNase1, and 1 mg/ml of Liberase TM (Roche). Tissue fragments were incubated at 
37 ◦C with rotator for 30 min (thymus) or 60 min (colon). These were then transferred into 70 μm strainers and processed in the same 
manner as that for the LNs and spleen. The isolated cells were incubated with APC-Cy7 mouse anti-human CD3 (clone sp34-2) and 
PeCy5 mouse anti-human CD20 (clone 2H7) at 4 ◦C for 30 min in the dark. Cells were washed twice with staining buffer, fixed with FIX 
buffer, and analyzed using a BD LSRFortessa™ cell analyzer (BD Bioscience, Inc.). Forward versus side scatter (FSC vs SSC) gating was 
used to identify cells of interest and to exclude debris, and forward scatter height (FSC–H) versus forward scatter area (FSC-A) density 
plot was used for doublet exclusion during the cell analysis. The FlowJo software version 10.4 (FlowJo, LLC) was used for further 
analysis. The. Unstained cells and the single-stained cells, in which only the most positive (brightest) of the positive cells was used, to 
calculate the compensation. 

5.3. Immunofluorescent staining 

The tissues were collected and fixed in 10% neutral-buffered formalin (ThermoFisher Scientific). Post paraffin-embedding, ten 
sections (4 μm thickness) of each sample were cut serially. Staining was performed according to the protocol published on Abcam 
website (www.abcam.com/protocols/immunocytochemistry-immunofluorescence-protocol). Briefly, the slides were deparaffinized 
twice in xylene for 20 min and rehydrated in an ethanol gradient. Sodium citrate (Vector Laboratories) was used for the antigen 
retrieval at 100 ◦C for 25 min post ddH2O rinse. The sections were then incubated with BLOXALL endogenous peroxidase and alkaline 
phosphatase blocking solution (Vector Laboratories) for 10 min at 25 ◦C, washed with PBST (PBS with Tween-20), and serum blocked 
at 25 ◦C for 1 h. Thereafter, the sections were incubated with primary mouse anti-human CD20 (1:200, clone L26, Santa Cruz 
Biotechnology), rabbit anti-human CD3 (1:100, clone SP7, Invitrogen), mouse anti-human Ki67 (1:500, clone MM1, Leica Biosystems), 
CD4 (1:200, clone EPR6855, Abcam), and BCL-6 (1:100, clone D8, Santa Cruz), and rabbit anti-human CD8 (1:50, clone SP16, 
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Invitrogen) in combination or separately overnight at 4 ◦C. After rinsing with PBST, the slides were incubated with Alexa Fluor 488 
conjugated goat anti-mouse IgG2a (1:500, Invitrogen), Rhodamine Red-X (RRX) conjugated donkey anti-rabbit IgG (1:200), Alexa 
Fluor 647 conjugated goat anti-mouse IgG1 (1:100), Alexa Fluor 647 conjugated goat anti-rabbit IgG (1:500), or Alexa Fluor 680 
conjugated goat anti-mouse IgG3a (1:200) (all four from Jackson ImmunoResearch) at 25 ◦C for 1.5 h. After washing with PBST, the 
nuclei were counterstained with 4′, 6-Diamidine -2′-phenylindole dihydrochloride (DAPI, Sigma) at 25 ◦C for 5 min. The slides were 
then washed with PBST and covered with EverBrite Fluorescence antifade mounting media (VWR). Images were captured using an 
inverted microscope (DM3000, Leica) and analyzed using Image J software version 2.0 (NIH). In Figs. 2, 3 and 5, six images were 
captured, and a 107.14 × 107.14 μm region of each image was randomly selected from each CD3+ or CD4+ T-cell image at 20×
magnification for analysis (n = 6). Eight GC-containing follicles from each LN were randomly selected as shown in Fig. 4. The number 
of cells of interest and the total number of cells were calculated using the Image J software. 

5.4. Statistical analyses 

The results are presented as mean ± standard deviation (SD). Statistical significance was analyzed using GraphPad Prism version 
9.2 (La Jolla). A two-tailed paired t-test was used to analyze the statistical significance of the flow cytometry data. The results of two- 
way ANOVA with Tukey’s multiple comparison test are shown in Fig. 4B and C. One-way ANOVA with Tukey’s multiple comparison 
test was used to analyze the depletion efficacy in the spleen and colon. A two-tailed unpaired t-test was used to analyze the depletion 
efficacy in the LNs, as shown in Figs. 2, 3 and 4D & 4F, and 5. Statistical significance is presented by p value, * represents p < 0.05, ** 
represents p < 0.01, *** represents p < 0.001, **** represents p < 0.0001. 

5.5. Data availability 

The data generated from this work are included in this published article, and are available on request to the corresponding author. 
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