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REPORT

Agonistic nanobodies and antibodies to human VISTA
Yu-Heng Vivian Maa,*, Amanda Sparkesa,*, Ema Romãob, Shrayasee Sahac, and Jean Gariépya,c,d

aPhysical Sciences, Sunnybrook Research Institute, Toronto, Canada; bCellular and Molecular Immunology Lab, Vrije Universiteit Brussel, Ixelles, 
Belgium; cDepartment of Pharmaceutical Sciences, University of Toronto, Toronto, Canada; dDepartment of Medical Biophysics, University of Toronto, 
Toronto, Canada

ABSTRACT
The V-domain Ig Suppressor of T-cell Activation (VISTA) is an immune checkpoint regulator that sup-
presses immune responses and is readily expressed on human and murine myeloid cells and T cells. This 
immunosuppressive pathway can be activated using VISTA agonists. Here, we report the development of 
murine anti-human VISTA (anti-hVISTA) monoclonal antibodies (mAbs), anti-hVISTA nanobodies (Nbs), 
and cross-reactive rat anti-murine/human VISTA (anti-hmVISTA) mAbs. All mAbs and Nbs generated 
bound to VISTA (human and/or murine) with dissociation constants in the sub-nanomolar or low 
nanomolar range. Competition analysis revealed that the selected Nbs bound the same or a nearby 
epitope(s) as the human VISTA-specific mAbs. However, the cross-reactive mAbs only partially competed 
with Nbs for binding to hVISTA. All mAbs and one Nb (hVISTANb7) were able to strongly detect VISTA 
expression on primary human monocytes. Importantly, the murine anti-hVISTA mAbs 7E12 and 7G5 
displayed strong agonistic activity in human peripheral blood mononuclear cell cultures, while Nb7 and 
rat anti-hmVISTA mAbs 3C3, 7C6, 7C7, and 7G1 also behaved as hVISTA agonists, albeit to a lesser extent. 
Cross-reactive mAbs 7C7 and 7G1 further displayed agonistic potential in murine splenocyte assays. 
Importantly, mAb 7G1 significantly reduced inflammation associated with the murine model of imiqui-
mod-induced psoriasis. These agonistic VISTA mAbs may represent therapeutic leads to treat inflamma-
tory disorders.
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Introduction

The immune system is regulated by a series of co-stimulatory 
and co-inhibitory signals. This delicate balance allows the 
immune system to protect against pathogens while preserving 
self-tolerance. Engagement of co-inhibitory [immune check-
point] pathways involving PD-1:PD-L1 and CTLA-4:CD80/ 
CD86 receptor-ligand pairs lead to T-cell suppression. 
Biologics that inhibit these immune checkpoint pathways 
have proven to be very effective in cancer immunotherapy,1 

while checkpoint agonists that activate these immune check-
point pathways could be applied to treat autoimmune diseases 
or suppress inflammation.

V-domain immunoglobulin suppressor of T-cell activation 
(VISTA) is a recently discovered immune checkpoint that 
bears sequence homology to PD-L1. VISTA is expressed pre-
dominantly on the surface of hematopoietic cells, with the 
highest level of expression found on myeloid cells.2,3 

Interestingly, VISTA has been proposed to function both as a 
ligand and as a receptor, as both exogenous VISTA2–6 and 
agonistic anti-VISTA antibodies7–9 suppress T-cell functions. 
Considerable effort has gone into generating antibodies that 
block the function of VISTA in the context of cancer immu-
notherapy. However, VISTA is an attractive therapeutic target 
for treating inflammatory disorders as well since VISTA-defi-
cient mice display a higher basal level of immune activation10 

and are more sensitive to developing ConA-induced hepatitis,8 

encephalomyelitis,4 systemic lupus erythematosus,11 asthma,12 

lupus erythematosus,13 and exacerbated imiquimod (IMQ)- 
induced psoriasiform inflammation of the ear.6

Here, we describe the generation of a new repertoire of 
agonistic anti-human VISTA (anti-hVISTA) monoclonal anti-
bodies (mAbs) and nanobodies (Nbs) and demonstrate their 
functional activities. In particular, two human-specific mAbs 
7E12 and 7G5 exhibited strong agonistic properties in suppres-
sing ConA-induced activation of human T cells in whole per-
ipheral blood mononuclear cell (PBMC) cultures. In vivo use of 
the cross-species anti-human/murine VISTA (anti-hmVISTA) 
mAb clone 7G1 in an IMQ-induced murine model of psoriasis 
exemplifies the therapeutic potential of agonizing VISTA for 
the treatment of inflammatory disorders.

Results

Characterization of anti-VISTA mAbs and Nbs

Following ELISA screenings against human and mouse VISTA 
(hVISTA and mVISTA), five hybridoma clones generating 
murine anti-hVISTA mAbs (7G5, 7E12, 10B5, 5F2, and 
8G10) and five hybridoma clones generating rat anti- 
hmVISTA mAbs (3C3, 7C6, 7C7, 7G1, and 11A1) were 
selected and further expanded based on their production levels. 
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All of the selected murine clones generated mouse IgG1 anti- 
hVISTA mAbs. The variable regions of the five chosen clones 
were sequenced and pooled into three different families based 
on similarities in their heavy chain complementarity-deter-
mining region 3 (CDR3) (Figure 1a), a region typically asso-
ciated with mAb specificity.14 The presence of heavy and light 
chains as well as the purity of mAbs were confirmed by SDS- 
PAGE and by Western blot detected using an anti-mouse IgG 
heavy and light chain antibody (Figure 1b).

Representative mAbs from each of the three families, 
namely 7E12, 7G5, and 8G10, were chosen for further char-
acterization based on their sub-nanomolar binding (equili-
brium dissociation constant; KD) to human VISTA (KD 
values of 0.44 nM, 0.14 nM, and 0.98 nM, respectively) as 
measured by surface plasmon resonance (SPR) (Figure 2a). 
As expected, none of these murine antibodies recognized 
recombinant mouse VISTA (Supplementary Figure s1). In 

addition to the murine anti-hVISTA clones, five rat hybridoma 
clones were selected based on their production of mAbs that 
bind to both human and murine VISTA. All five clones pro-
duce mAbs (Figure 1b) of the rat IgG2a subtype. As sequencing 
shows that two of the rat mAbs (7C6 and 11A1) have the same 
heavy chain sequence, four hybridoma clones were selected for 
further characterization (3C3, 7C6, 7C7, and 7G1) (Figure 1a). 
All of the selected clones bound to both hVISTA (KD values of 
0.24 nM, 840 nM, 49 nM, and 44 nM, respectively; Figure 2b) 
and mVISTA (KD values of 1.3 pM, 3 nM, 51 nM, and 6.7 nM, 
respectively; Figure 2c).

In addition to the mAbs, seven positive anti-hVISTA Nbs 
phage clones (hVISTANb1 to 7; Nb1 to Nb7) were identified 
from bio-panning against hVISTA. The seven anti-hVISTA 
Nbs phage clones identified were regrouped into three families 
based on amino acid sequence differences within their CDR 
domains (Figure 1a). One clone corresponding to each of the 

Figure 1. Sequence alignment and production of anti-VISTA mAbs and Nbs. (a) Sequence alignments of the variable regions of heavy chains of mouse anti-hVISTA 
mAbs, anti-hVISTA Nbs, and rat anti-hmVISTA mAbs, clustered based on sequence similarity of CDR3. (b) SDS-PAGE gel and Western blot of anti-VISTA mAbs and Nbs 
under reducing conditions. Bands on Western blots were detected using an antibody conjugated to HRP that recognizes heavy and light chains of mouse or rat IgGs.
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families, termed Nb1, Nb5, and Nb7, was chosen for produc-
tion and characterization. All three Nbs were successfully pur-
ified as evidenced by the expected molecular weight band (~15 
kDa) on SDS-PAGE and by Western blot (Figure 1b). Nb1, 
Nb5, and Nb7 bound to hVISTA with KD in the low nM range 
(11 nM, 12 nM, and 7.5 nM, respectively) as determined by 
SPR (Figure 2a). None of the Nbs recognized mVISTA 
(Supplementary Figure s1). All binding parameters are sum-
marized in Supplementary Table 1.

To further confirm the selectivity and specificity of the Nbs 
for hVISTA, a competition ELISA was performed to assess the 
ability of selected mAbs to displace the binding of Nbs to 
hVISTA. Figure 2d shows that 2-fold molar excess of the 
representative anti-hVISTA mAb 7E12, but not the control 
mouse IgG1, was able to fully displace Nb1, Nb5, and Nb7 
from binding to hVISTA. A representative epitope binning on 
SPR using 7E12 in competition with Nb1 corroborated these 
results (Supplementary Figure 2). Specifically, hVISTA-Fc 

Figure 2. Binding of mAbs and Nbs to VISTA. (a-c) SPR single-cycle kinetics sensorgrams (in red) and fitted curves (in black) with equilibrium (KD), association (kon) and 
dissociation (koff) rate constants depicting the binding of (a) mouse anti-hVISTA mAbs (7E12, 7G5, 8G10) and anti-hVISTA Nbs (Nb1, Nb5, Nb7) to human VISTA, (b) rat 
anti-hmVISTA mAbs (3C3, 7C6, 7C7, 7G1) to human VISTA, and (c) rat anti-hmVISTA mAbs to mouse VISTA. (d) Competition ELISA of anti-hVISTA Nbs, or an irrelevant 
control Nb19, with representative anti-hVISTA (7E12) or anti-hmVISTA (7C6) mAbs (n = 3).

MABS e2003281-3



bound to Nb1 immobilized on the chip is displaced in the 
presence of mAb 7E12. The irrelevant control Nb19 did not 
bind hVISTA. Notably, a representative of the cross-reactive 
anti-hmVISTA family, mAb 7C6, only partially displaced the 
Nbs from binding to hVISTA, suggesting that the cross-reac-
tive mAb binds a partly distinct epitope from the mAbs that 
bind specifically to human VISTA. As confirmed by SPR and 
notwithstanding steric hindrance, all human-specific mAbs 
bound to the same or overlapping epitope, whereas the cross- 
reactive mAbs, represented by 3C3, bound an alternative epi-
tope (Supplementary Figure 2).

In addition to SPR and ELISA analyses, we further assessed 
the binding specificity of the mAbs and Nbs to the surface of 
HEK cells (Expi293F) transiently transfected to express human 
VISTA on the cell surface. Expression of hVISTA was con-
firmed using a commercially available positive control mAb 
(clone B7H5DS8; eBioscience). As shown in Figure 3a, the 
reagents tested, with the exception of mAb 7C7, were able to 
detect hVISTA expression on the transfected cells, but not the 
non-transfected cells.

mAbs optimally detect VISTA on primary human and 
murine myeloid cells

VISTA is predominately expressed on cells of the myeloid 
compartment (monocytes, macrophages, neutrophils, and 
dendritic cells) and to a lesser extent in naïve CD4+ and 

CD8+ T cells.3,4,8 Flow cytometry was thus used to detect the 
binding of selected mAbs and Nbs to CD14+CD16− classical 
monocytes, CD4+ T cells, and CD8+ T cells in PBMCs isolated 
from healthy donors. As shown in Figure 3b, similar to the 
results obtained on transfected cells, all of the mAbs investi-
gated (anti-hVISTA mAbs 7E12, 7G5, and 8G10 and anti- 
hmVISTA mAbs 3C3, 7C6, 7C7, and 7G1) detected VISTA 
expression on human classical monocytes, at a comparable 
level as the commercially available control mAb (clone 
B7H5DS8; eBioscience). No binding was detected on either 
T-cell subset. However, of the anti-hVISTA Nbs, only Nb7 
was able to strongly detect VISTA expression on human clas-
sical monocytes. As was the case for all mAbs, none of the Nbs 
detected VISTA expression on T cells. As such, the functional 
characterization of only the mAbs and Nb7 were subsequently 
pursued.

Similarly, the cross-species anti-hmVISTA mAbs were 
tested for their ability to bind immune cell populations in 
mouse splenocytes. As shown in Figure 3c, all of the mAbs 
bind mouse macrophages and neutrophils at a comparable 
level to their binding to human CD14+CD16− monocytes, 
although binding for mAb 3C3 was not statistically significant. 
In contrast to binding on human T cells, the mAbs detected 
VISTA expression on murine CD4+ T cells in accordance with 
previous studies.3 Notably, mAb 7G1 exhibited the highest 
binding to both human and murine immune cell populations 
known to express VISTA.

Figure 3. Binding of anti-VISTA mAbs and Nbs to Expi293F cells transiently expressing hVISTA and primary immune cell sub-populations present in human PBMCs and 
mouse splenocytes. (a) Plots depict the binding of a commercial anti-hVISTA antibody (B7H5DS8), anti-hVISTA murine mAbs (7E12, 7G5, 8G10) and Nbs (Nb1, Nb5, Nb7), 
and anti-hmVISTA rat mAbs (3C3, 7C6, 7C7, 7G1) to Expi293Fcells transiently transfected to express hVISTA on the cell surface (orange) in comparison to binding to non- 
transfected cells (blue). (b) Right panel histograms depict the binding of a commercial anti-hVISTA antibody (B7H5DS8), anti-hVISTA murine mAbs (7E12, 7G5, 8G10) and 
Nbs (Nb1, Nb5, Nb7), and anti-hmVISTA rat mAbs (3C3, 7C6, 7C7, 7G1) to human CD14+CD16− monocytes and CD4+ and CD8+ T cells from PBMCs of 5 donors (reported 
as ΔMFI, the difference between MFI values recorded for mAbs or Nb and their respective isotype control). Left panel shows a representative cytometric profile of the 
binding of murine anti-hVISTA mAb 8G10 to human CD14+CD16− monocytes relative to its isotype control murine IgG (mIgG), normalized to mode (% of counts in the 
maximum peak). (c) Histograms depicting the binding of anti-hmVISTA rat mAbs to macrophages, neutrophils, and CD4+ and CD8+ T cells from splenocytes of 3 mice 
(reported as ΔMFI). Data is shown as mean ± SD. *p < .05 by Student’s t-test between MFIs of mAbs or Nbs and their isotype controls.
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Anti-hVISTA mAbs 7E12 and 7G5 display strong agonistic 
potential

From a functional standpoint, VISTA is described as a negative 
checkpoint regulator of immune responses. Accordingly, ago-
nizing or antagonizing VISTA is potentially consequential for 
the treatment of inflammatory conditions or cancer, respec-
tively. Ex vivo experiments were thus conducted with human 
PBMCs to define if anti-hVISTA mAbs 7E12, 7G5, and 8G10, 
anti-hVISTA Nb7, and anti-hmVISTA mAbs 3C3, 7C6, 7C7, 
and 7G1 behave as human VISTA agonists or antagonists. 
Herein, human PBMC cultures were stimulated with concana-
valin A (ConA; 1 µg/mL) in the presence or absence of a 
predetermined optimal concentration of mAbs 
(Supplementary Figure 3) or Nb7. CD4+ and CD8+ T-cell 
proliferation responses (Figure 4) and cytokine levels (Figure 
5) were subsequently assessed.

Two of the mAbs, 7E12 and 7G5, strongly inhibited the 
proliferation of CD4+ and CD8+ T cells induced by ConA 
(Figure 4), caused a reduction in ConA-induced pro-inflam-
matory cytokine IL-2 production, and led to a significant 
increase in levels of the anti-inflammatory cytokine IL-10 
when compared to ConA alone (Figure 5), suggesting that 
both these mAbs behave as hVISTA agonists. In particular, 
7E12 displayed the greatest reduction in both CD4+ and CD8+ 

T-cell proliferation (65% and 62%, respectively) and may be an 
ideal candidate for treating human inflammation-associated 
disease processes. The inhibitory mechanism of these mAbs 
does not appear to be linked to cytotoxicity (Supplementary 
Figure 3). Of note, when T cells are activated by anti-CD3 and 
anti-CD28 in the absence of myeloid cells, we do not observe a 
statistically significant suppression of T-cell proliferation 
mediated by mAb 7E12 (Supplementary Figure 3).

In contrast, mAb 8G10 acts as a weak human VISTA 
antagonist, mildly enhancing the proliferation of both CD4+ 

and CD8+ T cells as compared to ConA activation alone 

(p< .01; Figure 4). Moreover, interferon γ (IFNγ) levels were 
statistically elevated in human PBMC cultures treated with 
ConA and 8G10 compared to those treated with ConA alone 
(p< .05; Figure 5).

As shown in Figure 4, Nb7 behaved as a human VISTA 
agonist based on T-cell proliferation, whereby the proliferation 
of both CD4+ and CD8+ T cells were significantly suppressed 
when compared to ConA activation alone. However, as shown 
in Figure 5, levels of IL-2, IFNγ, and IL-10 in the human PMBC 
groups treated with ConA and Nb7 were not statistically dif-
ferent than the levels observed for those treated with ConA 
alone.

All of the cross-reactive anti-hmVISTA mAbs (3C3, 7C6, 
7C7, and 7G1) appear to behave agonistically in the ConA- 
stimulated human PBMC cultures, reducing the proliferation 
of CD4+ and CD8+ T cells, although to a weaker extent than the 
mAbs that target human VISTA specifically (Figure 4). None of 
the anti-hmVISTA mAbs affected the secretion levels of IL-2 
and IFNγ significantly, but all of them significantly increased 
the production of the anti-inflammatory cytokine IL-10 
(Figure 5).

Anti-hmVISTA mAb 7G1 reduced the severity of psoriasis- 
like symptoms in mice

Before testing the cross-species anti-hmVISTA mAbs in vivo, 
the mAbs were first screened in an ex vivo experiment on 
ConA-stimulated mouse splenocytes in a similar set-up as 
described above for human PBMCs. As shown in Figures 6, 
7C6, 7C7, and 7G1 reduced the proliferation of ConA-stimu-
lated CD4+ T cells significantly (4%, 34%, and 31%, respec-
tively), although the reduction was weak for 7C6. In addition, 
mouse splenocytes treated with ConA and either 7C7 or 7G1 
also displayed lower proliferation rates of CD8+ T cells as 
compared to those treated with ConA alone (22% and 20%, 

Figure 4. Effect of anti-hVISTA mAbs and Nb7 and anti-hmVISTA mAbs on T-cell proliferation in human PBMC cultures. Percentages of proliferated (a) CD4+ and (b) CD8+ 

T cells in human PBMC cultures after stimulation with 1 µg/mL ConA and anti-hVISTA mouse mAbs (7E12, 7G5, 8G10) and Nb7 or anti-hmVISTA rat mAbs (3C3, 7C6, 7C7, 
7G1) for 4 days. Representative CFSE T-cell proliferation profiles are shown on the left side for ConA alone or in the presence of mAb 7E12 (a) or 8G10 (b), normalized to 
mode (% of counts in the maximum peak). Experiments were performed in replicates on 5 donors. Grey lines represent a separate paired experiment; black lines 
represent the average of all experiments.
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respectively), although the differences were not statistically 
significant. As previously mentioned, the inhibitory mechan-
ism of these mAbs on mouse splenocytes does not appear to be 
linked to cytotoxicity (Supplementary Figure 3). Therefore, 
7C7 and 7G1 were chosen to be further tested in vivo.

Agonistic anti-hmVISTA mAbs were tested to treat inflam-
matory responses in a IMQ-induced psoriasis-like model in 
mice15 as VISTA deficiency was previously shown to exacerbate 
a form of IMQ-induced psoriasis inflammation of the ear.6 In 
this model, IMQ cream (62.5 mg) was applied topically on a 
daily basis to a shaved area of female C57BL/6 mice, where IMQ 
activates immune responses as a TLR7 and TLR8 ligand. IMQ- 
treated mice received 100 µg of an mAb intraperitoneally every 
other day. As Figure 7a shows, 7G1 significantly reduced the 
severity score of IMQ-induced psoriasis-like skin inflammation. 
Interestingly, although 7C7 also ameliorated the symptoms of 
skin inflammation, the degree of change was less than that of rat 

IgG2a control. Since IL-17 and TH17 cells play a pivotal role in 
psoriasis, IL-17 expression level in the skin was measured by 
qPCR. As demonstrated in Figure 7b, IL-17 expression was 
significantly increased after IMQ stimulation, and was signifi-
cantly reduced by both 7C7 and 7G1 (by 50% and 53%, respec-
tively), and not by rat IgG2a control. Meanwhile, the expression 
of pro-inflammatory cytokine IFNγ was significantly lowered by 
7G1 (by 36%) only (Figure 7c). Finally, since the depletion of T 
cells had been shown to attenuate psoriasis-like symptoms,15 the 
effect of mAbs on T-cell populations in the spleen was measured 
using flow cytometry. Indeed, mice treated with 7G1 displayed a 
significant reduction in the percentage of CD4+ T cells in the 
spleen (Figure 7d), although the change in CD8+ T cells was not 
significant. Overall, 7G1 is a strong agonist of human and 
murine VISTA that not only reduces the proliferation of T 
cells and pro-inflammatory cytokine secretion ex vivo, but also 
attenuates psoriasis-like inflammation in vivo.

Figure 5. Effect of anti-hVISTA mAbs and Nb7 and anti-hmVISTA mAbs on cytokine production in human PBMC cultures. Concentrations of (a) IL-2, (b) IFNγ, and (c) IL-10 
in human PBMC cultures after stimulation with 1 µg/mL ConA and anti-hVISTA murine mAbs (7E12, 7G5, 8G10), anti-hVISTA Nb7, or anti-hmVISTA rat mAbs (3C3, 7C6, 
7C7, 7G1) for 2 days. Experiments were performed on 5 donors. Grey lines represent a separate paired experiment; black lines represent the average of all experiments.
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Discussion

VISTA is part of a co-inhibitory immune pathway where it 
functions as both a ligand and a receptor. Since the VISTA 
pathway is functionally distinct from the PD-1:PD-L1 axis, it 
suggests that VISTA antagonists may be paired with approved 
immune checkpoint inhibitors in cancer immunotherapy. As 
important, VISTA agonists may be valuable in treating inflam-
mation and auto-immunity. Herein, we describe the genera-
tion and functional characterization of murine mAbs and 
heavy chain single domain antibody fragments (Nbs) that 
specifically bind to the human VISTA extracellular domain, 
as well as rat mAbs that bind to both human and murine 
VISTA. Importantly, the study identified two strongly agonis-
tic anti-hVISTA mAbs (7E12 and 7G5) that suppress T-cell 
proliferation in ConA-stimulated human PBMC cultures; and 
an agonistic anti-hmVISTA mAb (7G1) that attenuated IMQ- 
induced psoriasis in vivo.

All VISTA binders bound with nanomolar (nM) affinities to 
human or human/murine VISTA (Figure 2). In contrast, stu-
dies have shown that monomeric forms of IgV domains, PD1/ 
PD-L1, for example, interact with each other in the low micro-
molar (μM) range.16 These anti-VISTA mAbs and Nbs 
detected VISTA in the context of both ELISA and flow cyto-
metry experiments. Interestingly, Nb7 displayed the fastest 
dissociation constant upon binding to hVISTA, yet generated 
the strongest mean fluorescence intensity signal of all 3 Nbs in 
detecting VISTA-expressing CD14+CD16− human monocytes 
and hVISTA transiently expressed on Expi293F cells by flow 
cytometry (Figure 3).

Since a previously reported agonistic mAb against murine 
VISTA was able to protect mice from ConA-induced hepatitis,8 

we tested our anti-human VISTA biologics for their therapeu-
tic potential by studying their effect on a ConA-stimulated 
human PBMC culture. ConA is a lectin that has been shown 
to pan-activate immune cells including T cells and further 
induce T cell-mediated tissue inflammation in mice.17 Here, 
mAb 8G10 increased the proliferation of CD4+ and CD8+ T 
cells slightly (Figure 4) and enhanced the production of IFNγ 
in ConA-stimulated human PBMC cultures. This result sug-
gests that 8G10 may act as a hVISTA antagonist, which may 
reflect its ability to block the interaction between human 
VISTA on monocytes and VISTA receptors on T cells. In 
contrast, all other mAbs and Nb7 reduced the proliferation of 
human T cells (Figure 4). However, based on minimal changes 
in expression patterns observed for both pro- and anti-inflam-
matory cytokines relative to the ConA activation of whole 
human PBMCs from multiple donors, Nb7 does not represent 
a strong human VISTA agonist (Figure 5).

Treatment of ConA-activated human PBMCs with anti- 
hVISTA mAbs 7E12 and 7G5 strongly inhibited CD4+ and 
CD8+ T-cell proliferation and reduced the production of IL-2, 
a T cell-activating cytokine,18 while increasing the expression 
of IL-10, which inhibits T-cell proliferation and IL-2 
production,19 confirming them as human VISTA agonists 
(Figures 4 and 5). The binding characteristics of each of the 
human-specific mAbs are very similar, with kon, koff, and KD 
values within a close range, including the functionally distinct 
mAb 8G10. Regarding the mildly antagonistic function of 
mAb 8G10, neither the affinity nor the competition analysis 

Figure 6. Effect of anti-hmVISTA rat mAbs on T-cell proliferation in mouse splenocyte cultures. Percentages of proliferated (a) CD4+ and (b) CD8+ T cells in mouse 
splenocyte cultures after stimulation with 1 µg/mL ConA and anti-hmVISTA rat mAbs for 3 days. Representative CFSE T-cell proliferation profiles are shown on the left 
side for ConA alone or in the presence of mAb 7G1, normalized to mode (% of counts in the maximum peak). Each gray line represents a biological replicate (separate 
paired experiment performed on a different mice); black lines represent the average of all experiments.
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appears to account for this difference. One cannot discern 
from SPR analyses if a competing antibody is binding to a 
nearby or overlapping epitope that may be blocked by the 
primary binder (sterical hindrance). The cross-reactive mAbs 
have a lower affinity toward hVISTA, and may account for 
their reduced potency. Importantly, VISTA is constitutively 
expressed on both myeloid and lymphoid cells.4,20 This find-
ing, combined with the observed lack of suppression of T-cell 
proliferation by these mAbs in the absence of myeloid cells 
(Supplementary Figure 3B), suggests that the agonistic poten-
tial of these mAbs may be mediated both through the direct 
suppression of T cells and indirectly via the high expression of 
VISTA in the myeloid compartment, where suppressed 
monocytes downregulate T-cell activation. This 2-prong 
mechanistic model is further supported by a recent study 
that defined the effect of VISTA agonism on cells of the 
myeloid lineage.21 Future research will be aimed at delineat-
ing the effects each of the mAbs play on specific subsets of T 
cells and myeloid cells.

Similarly, the agonistic property of anti-hmVISTA mAbs 
were tested using mouse splenocytes and in an in vivo mouse 
model of IMQ-induced psoriasis. All of the anti-hmVISTA 
mAbs detected VISTA expression on murine macrophages, 
neutrophils, and CD4+ cells, with 7G1 being the strongest 
binder to these VISTA-expressing immune cell populations 
(Figure 3b). However, only 7C7 and 7G1 reduced the prolif-
eration of CD4+ T cells in ConA-stimulated mouse splenocyte 
cultures (Figure 6); and only 7G1 was able to alleviate the 
severity of IMQ-induced psoriasis-like skin inflammation 
beyond rat IgG control (Figure 7a). The most surprising result 
in this model was the ability of the rat IgG2a control to 
attenuate IMQ-induced inflammation. This finding may be 
due to the mild cytotoxicity of the rIgG2a control used 
(Supplementary Figure 3C) or the sialylation of this IgG as 
shown by the anti-inflammatory properties of purified IgG 
fractions given intravenously during gamma globulin therapy.-
22 Further investigation would be necessary to explain the anti- 
inflammatory effect observed in our model. The potential of 

Figure 7. Effect of rat anti-hmVISTA mAbs on the inflammatory and immune status of mice treated topically with Imiquimod (IMQ). IMQ cream or Vaseline was topically 
applied daily to shaved areas on the back of female C57BL/6 mice. IMQ-treated mice received intraperitoneal injections of rat anti-hmVISTA mAbs, rIgG, or PBS every other 
day. (a) Graph showing the cumulative score representing the severity of psoriasis-like skin inflammation (erythema, scaling, and thickness, each out of 4; average of 3 
independent scorers), with adjusted p-values comparing each group (n = 5 from 1 trial) to IMQ alone. (b) RNA expression of IL-17 in treated skin samples of mice sacrificed on 
day 3 (n = 8 from 2 trials). (c) RNA expression of IFNγ in skin samples recovered from mice sacrificed on day 6 (n = 5 from 1 trial). (d) Percentage of CD4+ and CD8+ T cells in 
splenocytes harvested from mice sacrificed on day 6, as determined by flow cytometry (n = 5 from 1 trial). Data is shown as mean ± SD, each dot represents a mouse in the 
experimental group. *p < .05, **p < .01, ***p < .001, ****p < .0001 relative to IMQ+rIgG groups by Student’s t-test adjusted for multiple comparisons.
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mAb 7G1 to reduce the severity of psoriasis-like symptoms 
may be linked to its ability to reduce splenic T cells to com-
parative levels expected for a healthy mouse (~25% CD3+ T 
cells) compared to IMQ-treated mice (Figure 7d) and the 
epidermal expression of IL-17 (Figure 7b), a critical cytokine 
in the development of plaque-like psoriasis.15 Of note, the 
control group of mice receiving Vaseline only had an abnor-
mally high percentage of T cells in the spleen which may be the 
result of systemic effects likely caused by ingestion of the 
Vaseline. Furthermore, IFNγ gene expression is reduced by 
mAb 7G1 (Figure 7c). IFNγ represents a prognostic marker 
of psoriasis where a decrease in IFNγ predicts a lower score in 
terms of psoriasis severity,23 although data on the level of IFNγ 
observed between psoriatic lesions and healthy controls remain 
contradictory.24 This observation may explain why no differ-
ence was found between IFNγ levels in Vaseline- and IMQ- 
treated mice. Additionally, two groups have now reported the 
importance on type I IFNs in the development of psoriatic 
lesions.25,26 A recent study led by ElTanbouly reported that 
VISTA agonism almost completely suppresses the type I IFN 
pathway.21 Future assessment of the effect of the mAbs gener-
ated herein, in particular 7G1, on the type I IFN pathway is 
necessary to fully elucidate their mechanism of action in this 
context.

In this study, we did not identify anti-VISTA Nbs as 
useful agonists or antagonists, suggesting that the bio-pan-
ning strategy used in generating these anti-VISTA Nbs 
needs to be re-assessed. Alterative selection criteria, strin-
gency in the method, or alternative immunization strategies 
may yield more favorable binders, potentially with antag-
onistic and/or cross-reactive properties. Furthermore, alter-
native Nb engineering strategies, bivalency, for example, 
may improve upon the therapeutic potential of all Nbs 
described in this study.

Likewise, the lack of strong mAb antagonists is surprising. 
We cannot exclude the possibility that when agonizing VISTA 
on monocytes or T cells, in this context, we are not simulta-
neously antagonizing the cognate VISTA receptor. Further 
studies are needed in the context of alternative microenviron-
ments. For instance, it is difficult to ascertain the functionality 
of these biologics in a tumor microenvironment where the 
predominant source of VISTA are cells that are phenotypically 
suppressive, such as MDSCs27,28 and tumor-associated 
macrophages.29,30 As these cells are already immune-suppres-
sive, engaging VISTA on these types of cells may not favor 
further suppressive signaling, but rather block VISTA from 
binding its cognate receptor, releasing VISTA-mediated T- 
cell suppression within the tumor microenvironment.

In conclusion, we have generated a panel of mAbs and Nbs 
targeting human VISTA and demonstrated their utility in 
detecting the presence of human VISTA in ELISA and flow 
cytometry assays. Importantly, we demonstrated the agonistic 
properties of anti-hVISTA mAbs 7E12 and 7G5 on human 
PBMCs in the context of an inflammation-driven microenvir-
onment (ConA stimulation) and the ability of agonist anti- 
hmVISTA mAb 7G1 in attenuating IMQ-induced psoriasis- 
like skin inflammation. These findings suggest that these ago-
nistic anti-VISTA mAbs may prove useful in treating inflam-
matory or auto-immune diseases.

Materials and methods

Monoclonal antibody production

Hybridomas producing mAbs against recombinant human or 
murine VISTA (hVISTA or mVISTA) were generated by 
ImmunoPrecise Antibodies (Victoria, BC, Canada) by using a 
pentameric form comprising the extracellular IgV domain of 
human or murine VISTA (hVISTA-COMP or mVISTA- 
COMP)31 as the immunogen for vaccinating Balb/c mice or 
Lewis rats, respectively. Hybridomas were maintained in 
Dulbecco’s modified Eagle medium (DMEM) (319–016-CL; 
WISENT) supplemented with 20% HyClone FetalClone II 
Serum (SH3010903; Cytiva), 1% penicillin–streptomycin (P/ 
S) (450–200-EL; WISENT), 1X HT Supplement (11067030; 
Gibco), 1X 2-mercaptoethanol (M6250; MilliporeSigma), and 
25 mM HEPES (15630056; Gibco). Hybridomas were adapted 
to growth in H-CELL serum-free medium (001–035-CL; 
WISENT) for mAb purification. mAbs were purified from 
culture supernatants using HiTrap protein G HP columns 
(17040401; Cytiva) and eluted with 0.1 M glycine-HCl (pH 
2.7) neutralized with 1 M Tris-HCl (pH 9.0). The recovered 
mAb preparations were buffer-exchanged into phosphate-buf-
fered saline (PBS) using PD-10 columns (17085101; Cytiva), 
detoxified by passage through endotoxin removal columns 
(88274; Thermo Fisher Scientific) then either used immediately 
or stored at −20°C. The purity of mAbs was assessed by SDS- 
PAGE and Western blot using anti-mouse and anti-rat IgG 
heavy and light chain Ab conjugated to horseradish peroxidase 
(HRP) (A110-105P; Bethyl Laboratories).

Monoclonal antibody sequencing

mAbs were sequenced by RT-PCR followed by Sanger sequen-
cing. Briefly, RNA was isolated from hybridomas using TRIzol 
Reagent (15596026; Thermo Fisher Scientific) and cDNA was 
synthesized using the SensiFAST cDNA synthesis kit (BIO- 
65053; Meridian Bioscience). Touch-down PCR was per-
formed using DreamTaq DNA Polymerases (EP0701; 
Thermo Fisher Scientific) on a set of degenerate primers 
designed to sequence mouse32 and rat33 immunoglobulins 
(Integrated DNA Technologies). PCR amplification products 
were checked using agarose gel electrophoresis. PCR reactions 
that produced single products were treated with ExoSAP-IT 
PCR product cleanup reagent (78200.200.UL; Thermo Fisher 
Scientific) and sent in for Sanger sequencing at the Center for 
Applied Genomics (Hospital for Sick Children, Toronto, ON, 
Canada). Sequences were aligned against the IMGT database34 

using IgBlast (www.ncbi.nlm.nih.gov/igblast/; National Center 
for Biotechnology Information, Bethesda, MD, USA)35 and 
grouped based on heavy chain CDR3 similarity using Clustal 
Omega (www.ebi.ac.uk/Tools/msa/clustalo/; EMBL-EBI, 
Hinxton, Cambridgeshire, UK).36

Immunization, library construction, and screening for 
nanobodies

Nanobodies (Nbs) were generated as previously described.37 

Briefly, a llama (Lama glama) was immunized once weekly for 
6 consecutive weeks with a preparation of hVISTA-COMP 
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mixed with Gerbu LQ 3000 adjuvant (Gerbu Biotechnik 
GmbH). A Nb phage library was constructed following total 
RNA extraction and cDNA subcloning into the phagemid 
vector pMECS. Escherichia coli TG1 cells were transformed 
with this vector yielding 2 × 108 transformants with 100% 
insert. Following four rounds of phage display panning using 
hVISTA-COMP, crude periplasmic extracts from 191 indivi-
dual colonies were screened by ELISA for specificity toward 
hVISTA. Positive clones were selected for DNA sequencing 
(VIB sequencing facility, Flanders, Belgium). Sequence analysis 
was performed using CLC Main Workbench 8 software 
(Qiagen) and manually annotated in accordance to the IMGT 
numbering system.34 Selected anti-hVISTA Nbs were trans-
formed into Escherichia coli WK6 to facilitate production.

Nanobody production

The expression and purification of Nbs followed protocols pre-
viously described.38 Briefly, 1 mL of an overnight starter culture of 
each of the clones was inoculated into 330 mL of Terrific Broth 
(TB) medium supplemented with 100 µg/ml ampicillin and 0.1% 
glucose and grown at 37°C in shaking flasks (200 RPM) until 
OD600nm reached 0.6–0.8. The cultures were subsequently 
induced by adding 1 mM isopropyl-β-D-thiogalactopyranoside 
(IPTG) and further incubated at 28°C overnight (200 RPM). Cells 
were later harvested by centrifugation and incubated in 4 mL of 
TES (0.5 mM EDTA, 0.2 M Tris-HCL, 0.5 M sucrose, pH8.0) on 
ice, shaking (200 RPM) for 6 hours. An 8 mL aliquot of 0.25× TES 
(diluted in water) was then added to each cell suspension and the 
resulting mixtures incubated for an additional 12–15 hours before 
periplasmic extracts were collected via centrifugation. Nbs were 
purified from these extracts using immobilized metal affinity 
chromatography (IMAC) on a His-Trap column (17524802; 
Cytiva) and eluted with 0.5 M Imidazole (1047160250; 
MilliporeSigma) in PBS. The eluted Nb fractions were desalted 
using PD-10 desalting columns (17085101; Cytiva) and detoxified 
using high-capacity endotoxin removal columns (88274; Thermo 
Fisher Scientific). The Nbs were either used immediately or stored 
at −20°C. The purity of each Nb was assessed by SDS-PAGE and 
Coomassie Blue staining. Western blot using a biotinylated anti- 
HA antibody (12158167001; MilliporeSigma) and streptavidin- 
HRP (RABHRP3; MilliporeSigma) was performed to confirm 
the presence of a Nb. A Nb (Nb19) targeting the babA adhesion 
molecule of H. pylori,39 was used as a negative control.

Surface plasmon resonance

Binding kinetics of mAbs and Nbs to hVISTA and mVISTA 
were obtained by SPR using a BIAcore T200 (Cytiva) and HBS 
running buffer (20 mM of HEPES pH 7.4, 150 mM NaCl, 
0.005% Tween-20, 3.4 mM EDTA). Briefly, anti-histidine anti-
bodies were immobilized on a CM5 chip (29149604; Cytiva) 
using the His capture kit (28995056; Cytiva) following manu-
facture’s protocol. For mAbs, VISTA was captured by flowing 
30 μg/mL of hVISTA-COMP-his or mVISTA-COMP-his at a 
flow rate of 30 µL/min. Sensorgrams were collected using 
single-cycle kinetics covering five mAb concentrations (1:2 
serial dilutions). For Nbs, solutions of each nanobody (30 μg/ 

mL) were flown over an anti-histidine-coated chip. Five con-
centrations (1:2 serial dilutions) of hVISTA-Fc (produced in 
house) were then injected at a flow rate of 30 µL/min. KD, kon, 
and koff were calculated by analyzing the sensorgrams with a 
1:1 Langmuir binding model after subtracting reference 
sensorgrams.

For epitope binning analysis, hVISTA-Fc was immobilized 
on a CM5 chip (29149604; Cytiva) via amine coupling (pH 
4.5). mAb “A” was injected at a flow rate of 30 µL/min for 600 s 
at a concentration 200× its KD value. Subsequently, a mixture 
of mAbs “A” and “B”, both at concentration 200× their respec-
tive KD values, was injected under the same conditions, and the 
response unit (RU) was monitored for an additional 600 s 
followed by regeneration. Due to the large size difference 
between mAbs and Nbs, an alternative approach was taken to 
assess epitope binning of a representative mAb/Nb pair. In this 
instance, Nb1 was immobilized, to a point of saturation, on an 
anti-histidine-coated chip. hVISTA-Fc was subsequently 
injected at a saturating concentration. Finally, mAb 7E12 was 
injected at a concentration 200× the KD value. The RU was 
monitored for an additional 600 s followed by regeneration.

Competition ELISA

To confirm the specificity of the Nbs to hVISTA, a competition 
ELISA was performed against anti-hVISTA mAbs. ELISA plate 
wells (44–2404-21; Thermo Fisher Scientific) were coated with 
hVISTA-COMP (10 µg/ml) and subsequently blocked with 
0.5% milk. Nbs (330 nM) were then dispensed into wells 
alone or in combination with 2-fold molar excess of mAbs, 
mouse IgG1 control (400165; BioLegend), or rat IgG2a control 
(400543; BioLegend), and incubated for 1 h at room tempera-
ture. hVISTA:Nb complexes were detected using a biotinylated 
anti-HA antibody (12158167001; MilliporeSigma), followed by 
streptavidin HRP (RABHRP3; MilliporeSigma) and the sub-
strate TMB (3,3ʹ,5,5ʹ-tetramethylbenzidine) (34028; Thermo 
Fisher Scientific). Absorbance readings were recorded at 
450 nm.

Mice

Female C57BL/6 mice at 8–10 weeks of age (The Jackson 
Laboratory) were used throughout this study and housed at 
the Sunnybrook Research Institute (SRI; Sunnybrook Health 
Sciences Center, Toronto, ON, Canada) Comparative Research 
(SRICR) facility. All protocols were approved by the SRICR 
Animal Care Committee, accredited by the Canadian Council 
of Animal Care.

Direct cell binding assay

Binding of mAbs and Nbs to human and murine immune cells 
were tested using human PBMCs and mouse splenocytes. For 
binding on human cells, whole human blood was obtained 
from donors in accordance with guidelines set forth by the 
Sunnybrook Research Ethics board (REB approval number 
443–2017). Human PMBCs were isolated from whole blood 
using Ficoll Paque PLUS (1.077 g/ml) (17144003; Cytiva). 
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PBMCs had their Fc receptors blocked with Human TruStain 
FcX (422301; BioLegend) then incubated with 2.5 µg of mAb, 
mouse IgG1 (401408; BioLegend), or rat IgG2a (400565; 
BioLegend) or 15 µg Nb for 1 h at 4°C. After washing with 
PBS, the PBMCs were incubated with secondary antibodies 
(1 µL; FITC anti-mouse IgG1, FITC anti-HA, or FITC anti- 
rat IgG2a; 406605, 901507, or MRG2a-83; BioLegend) or con-
trol FITC anti-VISTA antibodies (clone B7H5DS8; 11–1088- 
42; eBioscience) for 40 minutes at 4°C. A staining cocktail 
consisting of PE/Cy5 anti-CD11b (101210; BioLegend), APC/ 
Cy7 anti-CD14 (325620; BioLegend), Alexa Flour 700 anti- 
CD16 (302026; BioLegend), PE/Cy7 anti-CD4 (317414; 
BioLegend), and Alexa Flour 647 anti-CD8 (301022; 
BioLegend) was then added to the PBMCs and incubated for 
20 minutes at 4°C. Finally, the PBMCs were washed and 
resuspended in 3 µM DAPI (D1306; Thermo Fisher 
Scientific) and cytometric profiles recorded using a BD LSR II 
flow cytometer (BD) maintained by The Center for Flow 
Cytometry & Scanning Microscopy (CCSM) at Sunnybrook 
Research Institute (SRI; Sunnybrook Health Sciences Center, 
Toronto, ON, Canada). The same protocol was performed on 
murine splenocytes to measure the binding of rat anti- 
hmVISTA mAbs to murine immune cells. The staining cocktail 
consisted of APC/Cy7 anti-CD45 (147718; BioLegend), BV510 
anti-CD11b (101263; BioLegend), Alexa Flour 700 anti-CD3 
(100216; BioLegend), Alexa Flour 647 anti-CD8 (100724; 
BioLegend), PE/Dazzle 594 anti-Ly6C (128044; BioLegend), 
PE/Cy7 anti-Ly6G (127618; BioLegend), FITC anti-F4/80 
(123108; BioLegend), Pacific Blue anti-MHCII (107620; 
BioLegend), and PerCP/Cy5.5 anti-CD11c (117328; 
BioLegend).

Additionally, Expi293F cells were transiently transfected with 
pcDNA 3.4 TOPO vector containing the gene for hVISTA 
(Q9H7M9) (Thermofisher Gene Art Gene Synthesis). Cells 
were harvested 72 hours post-transfection, washed with PBS, 
and incubated with 2.5 µg of mAbs, mouse IgG1 (401408; 
BioLegend), rat IgG2a (400565; BioLegend), or 15 µg Nb for 1 
hour at 4°C. After washing with PBS, the cells were incubated 
with secondary antibodies (1 µL; FITC anti-mouse IgG1, FITC 
anti-HA, or FITC anti-rat IgG2a; 406605, 901507, or MRG2a-83; 
BioLegend) or a control FITC-labeled anti-VISTA antibody 
(clone B7H5DS8; 11–1088-42; eBioscience) for 40 minutes at 
4°C. Finally, cells were washed and resuspended in 3 µM DAPI 
(D1306; Thermo Fisher Scientific) followed by fluorescence- 
activated cell sorting analysis as described above.

T-cell proliferation and cytokine assays on human PBMCs

Human PBMCs were stained with 5 µM CFSE (C34554; 
Thermo Fisher Scientific) and cultured in X–VIVO 15 medium 
(BE02-060 F; Lonza) supplemented with 5% fetal bovine serum 
(FBS; 080–450; WISENT) in round-bottom 96-well plates at 
30,000 cells per well. ConA (1 µg/mL; C5275; MilliporeSigma) 
was used to stimulate the PBMCs and 15 µg/mL of either 
mAbs, mouse IgG1 controls (400165; BioLegend), rat IgG2a 
controls (400544; BioLegend), or Nbs were added and topped 
up to 300 µL per well. Supernatants were collected on day 2 for 
cytokine analyses using LegendPlex kits for IL-2, IFNγ, and IL- 

10 (BioLegend). One representative cross-reactive mAb (3C3) 
was titrated using 15, 10, 5, or 1 µg/mL, from which 15 µg/mL 
was determined to be the best working concentration.

Alternatively, CD3+ T cells were purified from the PBMC 
population using the EasySep Human T Cell Isolation Kit 
(17951; Stem cell Technologies). The T cells were stained 
with 5 µM CFSE (C34554; Thermo Fisher Scientific) and cul-
tured in X–VIVO 15 medium (BE02-060 F; Lonza) supple-
mented with 5% FBS in round-bottom 96-well flat bottom 
plates at 20,000 cells per well. T cells were stimulated with 
ImmunoCult (10971; StemCell Technologies) and 15 µg/mL 
of 7E12 or mouse IgG1 control (400165; BioLegend) was added 
and the final volume adjusted to 200 µL per well. Cells were 
collected after 4 days of culture, stained as described above, and 
analyzed by flow cytometry to measure T-cell proliferation.

Cytotoxicity assay

Cytotoxicity assays were performed as previously described.40 

In brief, 105 human PBMCs or total murine splenocytes were 
cultured in 100 μL of X–VIVO 15 medium (BE02-060 F; 
Lonza) supplemented with 5% FBS in the presence or absence 
of 15 µg/mL of either mAbs, mouse IgG1 controls (400165; 
BioLegend), or rat IgG2a controls (400544; BioLegend). 
Following 4-h incubation at 37°C, supernatants were collected 
and assayed via a lactate dehydrogenase kit in accordance to 
the manufacturer instructions (ab65393; Abcam). Percent 
cytotoxicity was calculated with the following formula: cyto-
toxicity (%) = ((Test Sample – Low Control)/(High Control – 
Low Control)) × 100.

Mouse splenocyte proliferation assay

Mouse splenocytes were treated with red blood cell lysis buffer, 
stained with 5 µM CFSE (C34554; Thermo Fisher Scientific), 
and cultured in X–VIVO 15 medium (BE02-060 F; Lonza) 
supplemented with 5% FBS (080–450; WISENT) in round- 
bottom 96-well plates at 30,000 cells per well. ConA (2 µg/ 
mL; C5275; MilliporeSigma) was used to stimulate the PBMCs 
and 15 µg/mL of each mAb or a rat IgG2a control (400544; 
BioLegend) were added and topped up to 300 µL per well. Cells 
were collected after 4 days of culture, stained with a cocktail 
consisting of APC/Cy7 anti-CD45 (147718; BioLegend), Alexa 
Flour 700 anti-CD3 (100216; BioLegend), Alexa Flour 647 anti- 
CD8 (100724; BioLegend), and PE/Cy7 anti-CD4 (100422; 
BioLegend), and analyzed by flow cytometry.

IMQ-induced psoriasis in mice

Ten-week old female C57BL/6 mice were treated with a daily 
dose of 62.5 mg of imiquimod (IMQ) cream (Zyclra; 3.75% w/ 
v) or petroleum jelly (Vaseline) control applied evenly on their 
shaven back with a cotton swab. Daily doses (100 µg) of either 
an anti-hmVISTA mAb, or a rat IgG2a control (400544; 
BioLegend), or PBS were injected intraperitoneally into control 
or IMQ-treated mice. Mice were monitored daily for severity of 
the psoriasis-like skin conditions: erythema, scaling, and 
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thickness.15 Each of the conditions were scored from 0 to 4, 
with four being very marked, by three independent scorers who 
were blinded to the treatment type.

Mice were sacrificed on days 3 and 6 and had their skin 
harvested for qPCR analysis to profile for gene expression. 
Briefly, skin areas that were shaven and treated with IMQ or 
Vaseline cream were excised and chopped finely before being 
treated with TRIzol Reagent (15596026; Thermo Fisher 
Scientific) to isolate RNA contents, which were then reverse- 
transcribed using high-capacity cDNA reverse transcription kit 
(4368814; Thermo Fisher Scientific). qPCR was performed 
with the SensiFAST SYBR no-ROX kit (BIO-98005; Meridian 
Bioscience) and gene-specific primers listed in Table 1 
(Integrated DNA Technologies) and read on the Mastercycler 
ep realplex qPCR instrument (Eppendorf). In addition, mice 
sacrificed on day 6 had their splenocytes harvested and profiled 
for CD4+ and CD8+ T cells with a staining cocktail containing 
APC/Cy7 anti-CD45 (147718; BioLegend), Alexa Flour 700 
anti-CD3 (100216; BioLegend), Alexa Flour 647 anti-CD8 
(100724; BioLegend), and PE/Cy7 anti-CD4 (100422; 
BioLegend).

Statistics

Each PBMC experiment was repeated on 5 different donors 
that were randomized between groups. Student’s t-test (2-tail, 
paired, adjusted for multiple comparisons where necessary) 
was applied to test significance between PBMCs treated with 
ConA alone or ConA in the presence of mAbs or Nbs (sig-
nificance was taken at α = 0.05).
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