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Chapter 1 

Lymph node-targeted synthetically glycosylated antigen leads to antigen-specific 

immunological tolerance. 

Abstract 

Inverse vaccines that tolerogenically target antigens to antigen-presenting cells (APCs) 

offer promise in prevention of immunity to allergens and protein drugs and treatment of 

autoimmunity. We have previously shown that targeting hepatic APCs through 

intravenous injection of synthetically glycosylated antigen leads to effective induction of 

antigen-specific immunological tolerance. Here, we demonstrate that targeting these 

glycoconjugates to lymph node (LN) APCs under homeostatic conditions leads to local 

and increased accumulation in the LNs compared to unmodified antigen and induces a 

tolerogenic state both locally and systemically. Subcutaneous administration directs the 

polymeric glycoconjugate to the draining LN, where the glycoconjugated antigen 

generates robust antigen-specific CD4+ and CD8+ T cell tolerance and hypo-

responsiveness to antigenic challenge via a number of mechanisms, including clonal 

deletion, anergy of activated T cells, and expansion of regulatory T cells. Lag-3 up-

regulation on CD4+ and CD8+ T cells represents an essential mechanism of 

suppression. Additionally, presentation of antigen released from the glycoconjugate to 

naïve T cells is mediated mainly by LN-resident CD8+ and CD11b+ dendritic cells. Thus, 

here we demonstrate that antigen targeting via synthetic glycosylation to impart affinity 

for APC scavenger receptors generates tolerance when LN dendritic cells are the 

cellular target, not only when hepatic APCs are as in our previous work. 
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Keywords: inverse vaccine, subcutaneous, lymph node, synthetically glycosylated, 

antigen, glycoconjugate, tolerance, scavenger receptor, antigen-presenting cells. 

Introduction 

Current treatments for allergic and autoimmune diseases are non-curative and rely on 

broad nonspecific immunosuppression, risking a number off-target effects, 

complications, and opportunistic infections that limit the long-term use of these 

strategies (1–3). As the underlying mechanisms of immune suppression and the 

identities of the disease-causing autoantigens and allergens are being increasingly 

unraveled, antigen-specific therapies are being put through the clinical developmental 

pipeline to a greater extent (4–7). For instance, in the context of food allergy, the first 

peanut antigen-specific prescription oral immunotherapy was approved in early 2020, 

paving the way for more antigen-targeted therapies to also hit the market soon. Even 

though this is a revolutionary first step, more work needs to be done to improve the 

efficacy and safety profile of tolerance therapies, both in autoimmunity and allergy.  

Several strategies to induce a more directed antigen-specific immune response are 

under investigation (8). When dealing with unmodified antigen alone, as most current 

therapies use, the route of administration can be used to modulate the response. For 

example, the subcutaneous route has been explored clinically for reasons such as ease 

of administration and higher patient compliance (9–11), and may be particularly 

desirable to treat allergic patients with considerable levels of antigen-specific circulating 

IgE antibodies (12). Another validated approach is to direct antigen to APCs for 

preferential uptake without activation and subsequent tolerogenic education of naïve T 

cells. A number of distinct strategies have been employed to skew the behavior of APCs 
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from inflammatory to tolerogenic (13), for example, by targeting antigen to these cell 

types through surface modifications of antigen-encapsulated particles (14–16).  

Antigen glycosylation consists of one of these surface modifications that has been 

leveraged as an immune-modulatory tool in the context of both vaccination and 

tolerance (17). Since glycan binding to carbohydrate-binding receptors is a low-affinity 

event, multivalency of glycosylation has been shown to be beneficial in the optimal 

engagement of these receptors (18). The covalent attachment of carbohydrate 

structures from pathogens or cancer cells to immunogenic proteins has been explored 

to improve the efficacy of activating or tolerogenic vaccines (19). Moreover, antigens 

modified with glycosylation repeats have been used to target a number of lectin 

receptors such as the asialoglycoprotein receptor (20), DC-SIGN (21), MARCO receptor 

(22), and LSECtin (23).  

We have shown in prior work that antigens decorated with synthetic glycopolymers of N-

acetyl glucosamine (p(GluNAc)) or N-acetyl galactosamine, after intravenous (i.v.) 

injection,  promiscuously target various subsets of hepatic APCs, resulting in antigen-

specific tolerance (24, 25). Here, we extend this concept to demonstrate that a 

peripheral subcutaneous (s.c.) method of administering p(GluNAc)-conjugated antigen 

to target resident APCs in the draining lymph nodes (dLNs) represents a viable strategy 

to induce antigen-specific tolerance. We show that antigen-p(GluNAc) is retained to a 

higher extent in the dLNs, improving uptake by APCs and promoting antigen 

presentation so as to generate a pool of long-lived anergic antigen-specific CD4+ and 

CD8+ T cells in addition to regulatory T (Treg) cells that attenuate effector T cell 

responses and maintain tolerance in the face of an inflammatory antigenic challenge. 
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We also explore differences in immunological mechanisms between tolerization via the 

LN, accessed via s.c. administration, and liver, via i.v. administration, with synthetically 

glycosylated antigen. Thus, we present a subcutaneous biocompatible inverse vaccine 

platform that is promising for blunting the response to antigens, such as primary 

autoantigens or allergens, paving the way for a new class of antigen-specific therapies, 

with implications in a clinically relevant route of administration that offers more 

advantages over an i.v. mode in specific contexts, such as in food allergy treatment.  

Results 

Antigen-p(GluNAc) conjugate injected subcutaneously accumulates in the 

draining lymph nodes where it targets various subsets of antigen presenting cells 

Our previous work describes the synthesis of antigen-glycopolymer conjugates 

composed of synthetic polymers formulated from N-acetylglucosamine-decorated 

monomers conjugated to protein or peptide antigens via a self-immolative linker that 

cleaves in response to intracellular stimuli (24) (Fig. 1A). When injected i.v., our 

antigen-N-acetylglucosamine glycopolymer (p(GluNAc)) conjugates accumulate in the 

liver and are taken up by hepatic APCs. Upon delivery to hepatic APCs, our self-

immolative linker is cleaved from the antigen, which releases the conjugated antigen in 

its unmodified form to allow efficient antigen processing and presentation by hepatic 

APCs (24).  Here, we explore the nature of the response to LN APCs.  

 

We first determined whether s.c. injected glyco-polymerized antigen, in this case OVA-

p(GluNAc), is specifically retained in the draining LNs (dLN), which we expected due to 
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their optimal size and molecular weight (~100 kDa) for lymphatic uptake (26, 27). 

Indeed, we were able to detect OVA-p(GluNAc) in the draining axillary and popliteal LNs 

(dLNs), using whole-organ fluorescence imaging, only when injected s.c. in the hocks 

but not after an i.v. injection (Fig. 1B, C). Conversely, OVA-p(GluNAc) was only 

detected in the liver when injected i.v. but not s.c. (Fig. 1B, C). We also verified that no 

antigen remained at the site of immunization 72 h after injection (Fig. S1A). This 

demonstrates the versatility and unique trafficking profile of our synthetically 

glycosylated antigen platform depending on the injection route. 



6 
 

 

Fig. 1. Antigen-p(GluNAc) conjugate injected s.c. accumulates in the dLNs where it targets 
various subsets of APCs. (A) Structure of p(GluNAc) conjugated to an antigen lysyl side chain 
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Fig. 1. Antigen-p(GluNAc) conjugate injected s.c. accumulates in the dLNs where it targets 
various subsets of APCs (continued) amine via a self-immolative linker. (B-C) Accumulation of 
OVA647 or OVA647-p(GluNAc) in the dLNs and livers 15 h after s.c. or i.v. injection. (B) 
Representative NIR images of dLNs and liver. (C) Average NIR intensities of dLNs and livers. (D-
E) Mice were injected with saline or 5 μg of OVA647 or OVA647-p(GluNAc) s.c. and the draining 
popliteal LNs were isolated and imaged at various timepoints between 1-72 h post-injection n 
(dLN)= 2 for saline and 4 for OVA647 or OVA647-p(GluNAc) at each timepoint. (D) Representative 
NIR images of dLNs. (E) Quantification of OVA accumulation in dLNs, expressed as μg (left) or % 
of initial injected dose (right). (F-G) Flow cytometry analysis of LN cells that took up OVA647-
p(GluNAc) 15 h after s.c. injection of 20 μg of OVA647-p(GluNAc). DC: dendritic cell; pDC: 
plasmacytoid dendritic cell; MAC: macrophage; SCS: subcapsular sinus; med: medullary; TZ 
MAC: T cell zone macrophage; LEC: lymphatic endothelial cell (CD45-CD31+gp38+); BEC: blood 
endothelial cell (CD45-CD31+gp38-); FRC: fibroblastic reticular cell (CD45-CD31+gp38-CD21/35-); 
FDC: follicular dendritic cell (CD45-CD31+gp38-CD21/35+); DNSC: double negative stromal cell 
(CD45-CD31-gp38-). (F) Percent of each cell subset that is OVA+. (G) OVA647 MFI of each OVA+ 
cell subset. (H-J) Representative whole mount confocal images of immunostained dLNs after s.c. 
injection of OVA647-p(GluNAc) (red). (H) LNs stained versus CD11c (green), CD11b (blue) and 
Collagen IV (white), 8 h post-injection (p.i.). CD11c+CD11b+ DCs are shown in aqua and co-
localized OVA-p(GluNAc) is shown in magenta. Scale bar ranges from 20-100 μm and is indicated 
in each panel. (I) LNs stained versus CD11c (green) and CD8 (blue) 18 h p.i. CD11c+CD8+ double 
positive DCs are shown in aqua and co-localized OVA-p(GluNAc) is shown in magenta. Scale bar 
ranges from 5-50 μm and is indicated in each panel. (J) LNs stained versus CD169 (green, top) 
and Lyve1 (blue, bottom). Co-localized OVA-p(GluNAc) with CD169+ macrophages is shown in 
yellow (top), and OVA-p(GluNAc) co-localized with the lymphatics is shown in magenta (bottom). 
Scale bar ranges from 5-50 μm and is indicated in each panel. Data represent mean ± SD. *p ≤ 
0.05, **p ≤ 0.01, ***p ≤ 0.001 by one-way ANOVA using Tukey’s post hoc test in C, and two-way 
ANOVA using Sidak’s post hoc test in E. 

 

Following s.c. injection of an equivalent antigen dose and visualization of the 

fluorescence in the dLNs at different timepoints after injection, we found that OVA-

p(GluNAc) localizes to the dLNs dramatically better than unconjugated OVA. (Fig. 1D). 

The higher accumulation of OVA-p(GluNAc) is expressed in two ways: as absolute 

protein content calculated from a dose-radiant efficiency standard curve, and as a 

percent of the initially injected antigen dose per hock of 5 μg (Fig. 1E). We detected a 

17-fold difference in antigen accumulated (maximum at time = 8 h), and a 10-fold 

difference in the area under the curve, demonstrating that antigen conjugation to 

p(GluNAc) increases the retention in the dLNs, and thus, potentially increasing the 

bioavailability of antigen to APCs (Fig. 1E). Increased antigen retention in the first few 
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days of immunization is especially important under unadjuvanted conditions where 

antigen dose and availability need to trump transient TCR-pMHC interactions for fruitful 

T cell stimulation to occur (28, 29).  

After confirming that antigen-p(GluNAc) accumulated in the dLN, we verified whether 

antigen was taken up by APCs in the LN microenvironment. We conducted a 

biodistribution experiment in which we assessed the types of APCs that took up 

antigen-p(GluNAc) and the extent to which they did 15 h after s.c. injection. OVA-

p(GluNAc) was taken up by different APC types, reported as % OVA+ within each APC 

subset (Fig. 1F) or mean fluorescence intensity (MFI) of OVA+ cells (Fig. 1G). These 

APCs included various subsets of macrophages, dendritic cells and lymphatic 

endothelial cells (LECs) that efficiently take up antigen due to their strategic location 

within the LN, their phagocytic ability and expression of scavenger receptors (30–34). 

Using multi-parameter flow cytometry, we elucidated the contribution of specific APC 

subsets that took up antigen after administration of OVA-p(GluNAc). Among these were 

APCs found at and surveilling the subcapsular sinus such as LECs (37), CD169+ 

subcapsular sinus macrophages (38) and CD11b+ resident DC2s (30) as well as APCs 

that are more deeply located in the medullary or cortical regions of the LN, such as the 

CD169+ medullary macrophages, cross-presenting resident CD8+ DC1s (36)(37) and T 

cell zone CX3CR1+Mertk+ macrophages (34). These results confirm that antigen-

p(GluNAc) can traffic and be taken up by APCs located at different locations within the 

LN for subsequent processing and presentation (Fig. 1F, G).   
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To obtain a visual confirmation for our flow cytometry results, we isolated popliteal LNs 

from mice that had been injected s.c. in the hind hocks with fluorescently-labeled 

OVA647-p(GluNAc) and imaged whole mounts on a confocal microscope. We stained 

APCs using a combination of CD11c and CD11b for non-cross presenting DC2s (Fig. 

1H), or CD11c and CD8 for resident cross-presenting DCs (Fig. 1I), or CD169 for 

subcapsular sinus and medullary macrophages (Fig. 1J). We also stained for the 

basement membrane and lymphatics using antibodies to collagen IV and Lyve1 

respectively (Fig. 1H, J). OVA-p(GluNAc) was found to promiscuously co-localize with 

all the APC subsets imaged and mentioned above, consistent with our flow cytometry 

results and indicating that the mechanism of action is not preferential targeting of 

specific APC subsets but increased antigen uptake by LN APCs in general.  

 

Uptake of synthetically glycosylated antigen by APCs is mediated through the 

carbohydrate binding domain of various C type lectin and scavenger receptors and can 

be inhibited by the addition of free sugars in media (24). We analyzed the immgen 

database (http://www.immgen.org/) for the expression of several scavenger and lectin 

receptors involved in the uptake of carbohydrates, including GluNAc-terminated 

residues, among APCs targeted by OVA-p(GluNAc), and found that they were broadly 

expressed, but to different extents on these cell types (Fig. S1B). We identified Asgr1 

and 2 to be only minor players in LN APCs compared to hepatic APCs (38). Clec4g 

(LSECtin) was found to be highly expressed exclusively on LECs, justifying their high 

uptake of OVA-p(GluNAc) and their similarity in scavenging profile to liver sinusoidal 

endothelial cells (23, 39). Other receptors found highly expressed by the hematopoietic 
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APCs were DEC-205 (Ly75), commonly used as an antigen target for the induction of 

tolerance (14, 40) and Clec9a, primarily used as apoptotic scavenger receptor by cross-

presenting DCs (41). LECs and macrophages share MARCO expression that has been 

used for antigen targeting in tolerance induction (22, 42). The mannose receptor (Mrc1), 

which can promiscuously bind GluNAc glycosylated antigen, was also highly expressed 

on LECs (43). This analysis also revealed shared receptors between LECs and 

macrophages, which reflects their synergy in scavenging in the LN subcapsular sinus, 

similar to the parallels between sinusoidal endothelial cells and Kupffer cells in the liver 

(44). Thus, by virtue of size, retention, expression of C-type lectin and scavenger 

receptors, synthetically glycosylated antigen is ideally poised for uptake by LN APCs to 

orchestrate downstream immune responses. 
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Fig. S1. Characterization of lymphatic drainage from the s.c. injection site, LN APC subsets and 
expression of GluNAc-binding receptor candidates on these subsets. (A) ProxTom (Prox1-  
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Fig. S1. Characterization of lymphatic drainage from the s.c. injection site, LN APC subsets and 
expression of GluNAc-binding receptor candidates on these subsets (continued) tdTomato) mice 
were injected in the ear dermis with OVA647 or OVA647-p(GluNAc). The ear dermis around the site 
of injection was imaged on the day of injection (day 0) and 3 days post-injection using in vivo 
fluorescence microscopy. Lymphatics are shown in red, and OVA antigen is displayed in cyan. 
(B) Heatmap showing the comparative expression of different classes of carbohydrate-binding 
and scavenger receptors on LECs, CD169+ macrophages, CD8+ DC1s, CD11b+ DC2s and 
plasmacytoid DCs in the s.c. LNs of wild-type male C57BL/6 mice. Data analyzed from the 
immgen database (http://www.immgen.org/). (C) Representative flow cytometry plots showing the 
gating strategy used for LN macrophage subsets. (D) Representative flow cytometry plots 
showing the gating strategy used for LN stromal cell subsets. 

 

Antigen-p(GluNAc) leads to antigen-specific CD4+ and CD8+ T cell tolerance, 

induction of regulatory subsets and hypo-responsiveness upon antigenic 

challenge 

We used the OTI/II ovalbumin (OVA)-reactive transgenic T cell receptor (TCR) model to 

assess the impact of s.c. administration of OVA-p(GluNAc) on the immune response. 

We adoptively transferred naïve CD45.1+ OTI CD8+ and OTII CD4+ T cells into mice 

one day before they were injected s.c. with OVA-p(GluNAc) or saline as unimmunized 

control, and compared that to i.v. administered OVA-p(GluNAc), as we have published 

(24). We first determined the optimal dose at which OVA-p(GluNAc) was tolerogenic 

through the s.c. route. We also compared the effect of immunizing mice one vs. two 

times with the same molecule. We challenged mice with OVA and LPS 9 days following 

injection (for mice that received one dose) or 9 days following the second dose (for mice 

that received two doses) and assessed the OVA-specific immune response 5 days after 

challenge (Fig. 2A). We observed a strong dose-dependent response in inhibiting OVA-

specific CD8+ T cell proliferation in the dLNs (Fig. 2B). In mice that received one dose, 

significantly fewer OTI cells were recovered from the challenge site dLNs of mice that 

received a mid (5 μg) or higher (20 μg) dose, but not a low (1 μg) dose. The same dose-
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dependent reduction in OTI was observed in mice that received two doses, with lowest 

OTI recovery in the mice that received the highest dose (2 x 20 μg), indicating that 

clonal deletion was more effective with a higher dose of antigen (Fig. 2B). These results 

were consistent with OTI numbers recovered from the spleen, showing that even though 

T cell education takes place locally in the s.c. dLNs, a systemic tolerogenic response is 

generated (Fig. S2A). Furthermore, it was necessary to increase the s.c. dose in order 

to match the tolerogenic behavior observed with one dose of an i.v. injection, 

suggesting that a higher threshold to suppression exists in the LN and peripheral 

lymphatics compared to the liver and also that antigen dose is an important modulating 

factor (45–47). 

We then focused on the OTI and OTII cell phenotypes in experiments performed at the 

optimized dose of 20 μg s.c. and in the prime-boost regimen that generated the most 

effective OTI deletion, and assessed the tolerogenic responses induced by OVA-

p(GluNAc) compared to unconjugated OVA. In this context, tolerance induction is 

characterized by an abrogated T-cell response to antigenic challenge and an 

enrichment of antigen-specific Treg cells. Five days post-challenge on day 22, s.c. 

prophylactic tolerization with OVA or OVA-p(GluNAc) both resulted in a significant 

reduction in OTI proliferation in the dLNs compared to untreated saline controls (Fig. 

2C). This result was comparable to that obtained in the spleen (Fig. S2B). Even though 

OVA-p(GluNAc) did not lead to a significantly lower OTI recovery compared to 

unmodified OVA, it induced a number of tolerogenic signatures distinct from OVA-

educated T cells. OTI cells primed with OVA-p(GluNAc) expressed significantly higher 

levels of co-inhibitory receptors, including PD-1 and Lag-3, compared with OVA (Fig. 
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2D, E). OTI cells from the OVA-p(GluNAc) group also highly expressed Tim-3, another 

co-inhibitory marker of exhaustion (Fig. 2F). OVA-p(GluNAc) also induced a sizeable 

subset of OTI cells that co-express PD-1 and Tim-3 (Fig. S2C), known to mark 

terminally exhausted cells in the context of tumors and chronic viral infections (48). 

Additionally, OTI cells from both the OVA and OVA-p(GluNAc) groups had significantly 

down-regulated the surface expression of their TCR, indicative of a self-inhibitory and 

anergic response (Fig. 2G). Upon restimulation of OTI cells isolated from OVA-

p(GluNAc)-treated mice with their cognate peptide OVA257-264 peptide ex vivo, a similar 

fraction produced the pro-inflammatory cytokine IFNγ (Fig. S2D) but to a significantly 

lower extent illustrated by a 2-fold reduction in IFNγ MFI of the secretors (Fig. 2H). OTI 

cells from the OVA-p(GluNAc) group secreted significantly higher levels of IL-10, an 

immunosuppressive cytokine known to play important roles in the induction and 

maintenance of tolerance (Fig. 2I) (49).  
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Fig. 2. Antigen-p(GluNAc) leads to antigen-specific CD4+ and CD8+ T cell tolerance, induction 
of regulatory subsets and hypo-responsiveness upon antigenic challenge. (A) Experimental 
timeline of the dose-efficacy study, n=4. CD45.2+ mice that had received an adoptive transfer of 
both OTI (CD45.1+CD3+CD8+) and OTII (CD45.1+CD3+CD4+) T cells via i.v. injection, were treated 
with saline or a low, mid or high dose of OVA-p(GluNAc) s.c. in all four hocks or i.v. in the tail vein 
(as benchmark) either once on day 1 or twice on days 1 and 8. 9 days following the last dose, on 
day 10 (for the groups that received one dose) or on day 17 (for the groups that received two 
doses), all mice were administered an OVA+LPS challenge s.c., and 5 days later, the dLNs and 
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Fig. 2. Antigen-p(GluNAc) leads to antigen-specific CD4+ and CD8+ T cell tolerance, induction 
of regulatory subsets and hypo-responsiveness upon antigenic challenge (continued) spleen 
were examined for an OVA-specific response. Stars above horizontal bars represent p values 
with respect to the i.v. groups (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001) and † indicate p values with 
respect to the saline group († p ≤ 0.05, †† p ≤ 0.01). (B) OTI CD8+ T cells recovered from dLNs 
at time of sacrifice. Plot legends are as follows: 1-1 (1 μg s.c., once), 15 (5 μg s.c., once), 1-20 
(20 μg s.c., once), 1-5 i.v. (5 μg i.v., once), 2-1 (1 μg s.c., twice), 2-5 (5 μg s.c., twice), 2-20 (20 
μg s.c., twice) and 2-5 i.v. (5 μg i.v., twice). (C-R) Data are representative of three pooled 
experiments performed at the optimal high 20 μg dose of OVA as unconjugated OVA or OVA-
p(GluNAc) injected twice on days 1 and 8, followed by an OVA+LPS challenge on day 17 and 
sacrifice on day 22, n=8-20. (C) OTI CD8+ T cells recovered from dLNs. (D) PD-1+ OTI CD8+ T 
cells in dLNs. (E) Lag-3+ OTI CD8+ T cells in spleen. (F) Tim-3+ OTI CD8+ T cells in spleen. (G) 
MFI of the TCR on OTI CD8+ T cells in dLNs. (H) IFNγ MFI of IFNγ secreting OTI cells after a 6-
h ex vivo restimulation with OVA257-264 peptide. (I) IL-10 producing OTI CD8+ T cells after a 6-h ex 
vivo restimulation with OVA257-264 peptide. (K) OTII CD4+ T cells recovered from dLNs. (L) 
Foxp3+CD25+ OTII CD4+ Tregs induced in dLNs. (M) Foxp3+ST2+ OTII CD4+ Tregs induced in 
dLNs. (N) Lag3+ OTII CD4+ T cells in dLNs. (O) CTLA-4+ OTII CD4+ T cells in dLNs. (P) MFI of 
the TCR on OTII CD4+ T cells in dLNs. (P) IL-13 levels in the supernatant of LN cells restimulated 
with 100 μg/mL OVA protein for 4 days, measured by LegendPlex assay. (Q) OTII CD4+ T cells 
from the dLNs (left) or spleen (right) that secreted IFNγ, IL-2, TNFα, or a combination of two or all 
three cytokines after a 6-h ex vivo restimulation with OVA323-339 peptide. (R) IL-10 producing OTII 
CD4+ T cells after a 6-h ex vivo restimulation with OVA323-339 peptide. Data represent mean ± SD. 
*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001 by one-way ANOVA using Tukey’s post hoc test. 

 

We observed similar tolerogenic effects exerted in the OTII compartment. Upon 

antigenic challenge, fewer OTII cells were recovered from the dLNs in both the OVA 

and OVA-p(GluNAc) treated mice compared to untreated saline controls (Fig. 2J). The 

OVA-p(GluNAc) treatment induced significantly higher CD4+ antigen-specific 

Foxp3+CD25+ Tregs (Fig. 2K), as well as Foxp3+ST2+ Tregs (Fig. 2L), both with major 

roles in tolerance (50). The OTII cells tolerized with OVA-p(GluNAc) more highly 

expressed co-inhibitory molecules such as Lag-3 (Fig. 2M) and CTLA-4 (Fig. 2N) and 

also down-regulated their TCR (Fig. 2O). Next, we evaluated the effector function of the 

OTII cells upon ex vivo antigen reencounter, and detected cytokines either (1) produced 

by cells isolated from dLNs and spleen using flow cytometry after a 6-hour culture with 

their cognate OVA323-339 peptide, or (2) secreted into the culture supernatant using the 

LegendPlex assay after a 3-day culture with full OVA protein. LN cells from OVA-
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p(GluNAc)-treated mice had significantly reduced IL-13 production into the supernatant, 

suggesting that this treatment can also be useful in suppressing Th2-mediated reactions 

such as allergies (Fig. 2P). There were also lower levels of Th17 cytokines, IL-17 and 

IL-22 secreted (Fig. S2E, F). Furthermore, OTII cells from both the LN and spleen 

produced markedly lower levels of Th1 pro-inflammatory cytokines such as IFNγ, IL-2 

and TNFα, indicating a severe ablation of their effector response (Fig. 2Q). OVA-

p(GluNAc) successfully suppressed the presence of polyfunctional CD4+ T cells, 

measured by their ability to produce more than one cytokine, pointing to a severe 

dysfunctional state (51). The OTII cells also produced higher IL-10 levels (Fig. 2R). 

Thus, we successfully demonstrated that s.c. treatment with p(GluNAc) conjugated 

antigen generates robust antigen-specific tolerance, characterized by deletion, 

upregulation of surface co-inhibitory molecules, induction of both CD25+ (IL-2 receptor) 

and ST2+ (IL-33 receptor) Tregs, and an abrogation of broad-spectrum effector 

cytokines upon antigenic challenge. 
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Fig. S2.1. Antigen-p(GluNAc) leads to antigen-specific CD4+ and CD8+ T cell tolerance in the 
spleen in addition to dLNs, and suppresses Th17 responses. (A) Experimental set-up described 
in Fig. 2A. % OTI cells recovered from the spleen at time of sacrifice. Plot legends are as follows: 
1-1 (1 μg s.c., once), 15 (5 μg s.c., once), 1-20 (20 μg s.c., once), 1-5 i.v. (5 μg i.v., once), 2-1 (1 
μg s.c., twice), 2-5 (5 μg s.c., twice), 2-20 (20 μg s.c., twice) and 2-5 i.v. (5 μg i.v., twice). (B) % 
OTI cells recovered from the spleen at day 22. (C) % PD-1+Tim-3+ (terminally exhausted) OTI 
cells in the spleen at day 22. (D) % IFNγ secreting OTI cells after a 6-h ex vivo restimulation with 
OVA257-264 peptide. (E) IL-17 levels in the supernatant of LN cells restimulated with 100 μg/mL 
OVA protein for 4 days, measured by LegendPlexTM assay. (F) IL-22 levels in the supernatant of 
LN cells restimulated with 100 μg/mL OVA protein for 4 days, measured by LegendPlex assay. 
Data represent mean ± SD. Statistical differences were determined by one-way ANOVA using 
Tukey’s post hoc test (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001). 

 

Here, we present extended data showing how the OTI CD8+ T cell phenotype is 

modulated by dose, beyond just proliferation upon challenge and recovery. In addition 

to saline and the i.v. injected doses, we used mice injected s.c. with 20 μg of OVA-

p(GluNAc) injected two weeks prior to the adoptive transfer to compare with the 

archiving context that we have explored in chapter 3 of this thesis (Fig S2.2A). As 

described above, mice were immunized one day following the OTI/OTII adoptive 
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transfer (except in the archiving control where they were dosed two weeks before 

transfer), and were challenged with OVA and LPS nine days post-immunization, and 

were sacrificed five days post-challenge to evaluate the OTI CD8+ T cell response (Fig 

S2.2A). We first measured the extent to which the CFSE-labeled OTI CD8+ T cells 

proliferated in the blood three days following adoptive transfer. There was a dose-

dependent proliferation where the OTI cells proliferated to increasing degrees with 

increasing s.c. dose, and proliferated the most at the highest dose of 20 μg (Fig S2.2B). 

This proliferation was higher than that observed with the i.v. control; the archiving 

control induced lowest proliferation levels in accordance with what we have observed in 

the past in this model (Fig S2.2B). Consistent with the skewed central memory CD8+ T 

cell phenotype that we have observed with archived OVA-p(GluNAc), we saw the 

highest upregulation in central memory phenotype with the highest s.c. dose, also in a 

dose-dependent manner (Fig S2.2C). In fact, the central memory phenotype observed 

with the higher tolerogenic dose of 20 μg was even higher than that previously observed 

with archived OVA-p(GluNAc) (Fig S2.2C). At day 14 post-challenge, we obtained a 

significant dose-dependent deletion of OTI CD8+ T cells in the dLNs, with progressively 

fewer OTI cells recovered with increasing immunizations dose (Fig S2.2D). Though not 

as striking, the trend was similar in OTI CD8+ T cell numbers recovered from the spleen 

(Fig S2.2E). PD-1 was induced and maintained on OTI CD8+ T cells in a dose-

dependent fashion and the higher 20 μg was required to match the i.v. control (Fig 

S2.2F). Tim-3 was also induced to high levels with the 20 μg s.c. dose, comparable to 

the i.v. group (Fig S2.2G). The T cell receptor on OTI CD8+ T cells was down-regulated 

also in a dose-dependent fashion both in the LN (Fig S2.2H, left) and spleen (Fig 
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S2.2H, right)(47). The ability of OTI CD8+ T cells to secrete inflammatory cytokines in 

response to challenge was severely abrogated and, in a dose-dependent manner. We 

were able to show loss in function of cytotoxic CD8+ T cells in terms of the number of 

IFNγ+ cells detected from the LN (Fig S2.2I, left) and spleen (Fig S2.2I, right) as well 

as in the number of IL-2+ cells detected from the LN (Fig S2.2J, left) and spleen (Fig 

S2.2J, right). Even though the numbers of cytokine+ cells might appear skewed from 

the already low numbers of cells recovered, their inherent ability to secrete those 

cytokines was significantly affected when we measured cytokine+ as a % of total OTI 

CD8+ T cells (Fig S2.2K, L). Furthermore, OTI CD8+ T cells from mice treated with the 

20 μg s.c. dose had an enhanced ability to produce the anti-inflammatory cytokine IL-10 

in response to challenge in a dose-dependent fashion in the LNs and more in a digital 

fashion at the high dose in the spleen (Fig S2.2M). Higher IL-10 production also 

appeared to be specific to the s.c. approach as we failed to observed IL-10+ OTI CD8+ T 

or OTII CD4+ T cells with i.v. administration of OVA-p(GluNAc) (Fig S2.2M). Of note, 

OTII CD4+ T cells did not give useful results due to a reliably low number of cells 

recovered at the time of sacrifice. These data show that it is possible to induce robust 

CD8+ T cell tolerance by targeting glyco-modified antigen to the LN, and that a higher 

dose in required to achieve systemic tolerance comparable to the published liver-

targeting strategy. 
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Fig S2.2. Antigen-p(GluNAc) administered once s.c. tolerogenically induces a more suppressed 
CD8+ T cell phenotype, comparable to i.v. administration, and higher than when archived. A) 
Experimental timeline of dose-efficacy study, n=4. All mice were immunized once s.c. in all hocks. 
The archiving control mice were immunized 11 days before adoptive transfer. The remainder of 
the mice were immunized one day after adoptive transfer following the dose regimen. All mice 
were challenged with OVA and LPS on day 9, followed by an assessment of the OTI/OTII 
phenotype on day 14. (B-C) The phenotype of the OTI in blood was characterized on day 3. (B) 
OTI that have diluted CFSE, i.e., proliferated in blood. (C) OTI that are central memory 
(CD44+CD62L+). (D-M) The phenotype of OTI from dLNs and spleen of mice at the time of 
sacrifice at day 14. (D) OTI in LNs. (E) OTI in spleen. (F) % PD-1+ OTI in LNs. (G) % Tim-3+ OTI 
in LNs. (H) MFI of the T Cell Receptor (TCR) vα on OTI in LNs (left) and spleen (right). (I-M) 
Cytokine production by OTI upon restimulation with OVA257-264.  (I) Number of IFNγ+ OTI in LNs 
(left) and spleen (right). (J) Number of IL-2+ OTI in LNs (left) and spleen (right). (K) % IFNγ+ OTI 
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Fig S2.2. Antigen-p(GluNAc) administered once s.c. tolerogenically induces a more suppressed 
CD8+ T cell phenotype, comparable to i.v. administration, and higher than when archived. 
(continued) in LNs. (L) % IL-2+ OTI in LNs. (M) % IL-10+ OTI in LNs (left) and spleen (right). 
Statistical differences were determined by one-way ANOVA using Tukey’s post hoc test (*p ≤ 0.05, 
**p ≤ 0.01, ***p ≤ 0.005). 

 

We next investigated whether the tolerogenic and hypo-responsive CD8+ T cell 

response observed with one dose of glycoconjugated antigen can be enhanced with two 

doses in a prime-boost regimen, due to higher antigen availability and priming that such 

a regimen can impose(52). We followed the same schedule, groups and controls as 

before and the only difference was that mice were immunized twice spaced one week 

apart with the same molecule (except for the archiving control that only received one 

injection of OVA-p(GluNAc)) (Fig S2.3A). We obtained an even more effective deletion 

and significantly suppressed OTI recovery upon challenge with the highest 20 ug s.c. 

dose in both the LNs (Fig S2.3B, left) and spleen (Fig S2.3B, right) in a dose-

dependent fashion as observed before. The i.v. control did not give the best 

performance in this regimen, most likely because the mice were immunized one week 

apart as opposed to four days apart, which was the optimized schedule with this 

molecule through the i.v. route (24). OTI cells from the high group were most 

suppressed in their ability to proliferate as they expressed lower levels of the Ki67 

nuclear protein, which also changed in a dose-dependent manner (Fig S2.3C). OTI 

cells expressed high PD-1 levels only in the mid and high dose groups, which matched 

that in the i.v. group (Fig S2.3D). Expression of co-inhibitory marker Tim-3 was notably 

restricted to the high s.c. group both in the LN (Fig S2.3E, left) and right (Fig S2.3E, 

right). Lag-3 expression was highest in the high s.c. group in the LN (F, left) but was 

elevated in both the mid and high s.c. groups in the spleen (Fig S2.3F, right). TCR 
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expression on OTI CD8+ T cells suffered the highest down-regulation in the high s.c. 

group, both in the LN (Fig S2.3G, left) and spleen (Fig S2.3G, right), which was not 

observed as a feature of the archiving or i.v. control groups. This indicates that the 

CD8+ T cells had undergone durable suppression as they were unable to engage with 

peptide-loaded MHC on APCs. The two-dose regimen also resulted in a deeper 

suppression of IFNγ and IL-2 cytokines upon restimulation, especially in the high group 

(Fig S2.3H, I). Not only did the immunization with 2x high OVA-p(GluNAc) lead to 

abrogated production of the cytokines from a lower % cytokine+ cells (Fig S2.3H), but 

also led to lower overall numbers of the cytokine+ cells (Fig S2.3I). Since this prime-

boost regiment resulted in more effective CD8+T cell hypo-responsiveness, 

characterized by highest deletion, up-regulation of co-inhibitory markers and abrogation 

of type 1 cytokine production, we adopted this optimized schedule for all following 

experiments with s.c. p(GluNAc) immunization. 
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Fig S2.3. LN-targeted hypo-responsiveness with glyco-conjugated antigen can be improved 
through multiple doses in a prime-boost regimen. (A) Experimental timeline for the dose-efficacy 
study, n=4. All mice (except for the archiving control) were immunized twice s.c. in the hocks 
according to the dose regiment, and were challenged with OVA and LPS on day 16, followed by 
an assessment of the T cell phenotype at day 21. (B) OTI recovered in the LNs (left) and spleen 
(right) at day 21. (C) Ki67+, i.e., proliferative OTI CD8+ T cells in LNs. (D) MFI of PD-1 on PD-1+ 
OTI CD8+ T cells in LNs. (E) Tim-3+ OTI CD8+ T cells in LNs (left) and spleen (right). (F) Lag-3+ 
on activated (CD44+) OTI CD8+ T cells in LNs (left) and spleen (right). (G) MFI of TCR Vα on OTI 
CD8+ T cells in LNs (left) and spleen (right). (H) OTI CD8+ T cells that secreted IFNγ and IL-2 
upon restimulation with OVA257-264. (I) Number of OTI CD8+ T cells that secreted IFNγ and IL-2 
upon restimulation with OVA257-264. Statistical differences were determined by one-way ANOVA 
using Tukey’s post hoc test (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.005). 
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LN-targeted antigen-p(GluNAc) conjugate induces tolerogenic memory via CD8+ 

regulatory subsets that can suppress adoptively transferred effector CD4+ T cells 

We sought to further evaluate the mechanisms of action of LN-targeted OVA-p(GluNAc) 

by assessing suppressive populations induced in the long-term at steady-state (without 

an antigenic challenge), especially in the antigen-specific CD8+ T cell compartment. We 

treated mice s.c. with either unconjugated OVA or OVA-p(GluNAc), and evaluated the 

OTI phenotype in the dLNs and spleen one month following the booster injection (Fig. 

3A). At day 38, we observed a significantly lower recovery of OTI cells from the dLNs of 

OVA-p(GluNAc)-treated mice, indicating that the activated antigen-specific CD8+ T cells 

were deleted, resulting in a smaller pool of circulating cells (Fig. 3B). We confirmed that 

OVA-p(GluNAc) treatment leads to a substantial initial proliferation of OTI cells, 

measured by CFSE dilution of circulating OTI in blood 3 days post-injection (Fig. S3.1), 

establishing that the deletion observed with s.c. OVA-p(GluNAc) was not due to 

incomplete priming by LN APCs but rather abortive proliferation, similar to the 

mechanism observed with liver-targeted OVA-p(GluNAc) (24). Thus, p(GluNAc) 

conjugation enhanced clonal deletion as its tolerogenic mechanism, a phenomenon 

observed not only in adoptively transferred T cells but also in endogenous autoimmune 

disease models (53)(54). 
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Fig. 3. LN-targeted antigen-p(GluNAc) conjugate induces tolerogenic memory via CD8+ 
regulatory subsets that can suppress adoptively transferred effector CD4+ T cells. (A) CD45.2+ 
mice that had received an adoptive transfer of 1x106 of both OTI (CD45.1+CD3+CD8+) and OTII 
(CD45.1+CD3+CD4+) T cells via i.v. injection, were treated s.c. in all four hocks on days 1 and 8 
with saline, or 20 μg of OVA or OVA-p(GluNAc) (5 μg per hock). On day 38, all mice were 
sacrificed and the dLNs and spleen were analyzed for OTI and OTII T cell phenotype. (B) OTI 
CD8+ T cells recovered from dLNs. (C) Central memory OTI CD8+ T cells in dLNs (left) and spleen 
(right). (D) Ratio of central memory to effector memory OTI CD8+ T cells (left) and representative 
flow cytometry contour plot of the memory subsets (right) induced in the spleen. (E) PD-1 MFI on 
OTI CD8+ T cells in dLNs. (F) Lag-3+ OTI CD8+ T cells in dLNs. (G) Foxp3+ OTI CD8+ T cells in 
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Fig. 3. LN-targeted antigen-p(GluNAc) conjugate induces tolerogenic memory via CD8+ 
regulatory subsets that can suppress adoptively transferred effector CD4+ T cells (continued) 
dLNs (left) and spleen (right). (H) Splenocytes from the OVA-p(GluNAc) group were restimulated 
with 100 μg/mL OVA in culture media alone or supplemented with 200 Units/mL (~12 ng/mL) 
exogenous IL-2, and IFNγ levels were measured in the supernatant 3 days later by ELISA. (I) 
CD45.2+ mice received a first adoptive transfer of 1x106 OTI CD8+ T cells (groups 1,3) or no cells 
(group 2), followed by two s.c. OVA-p(GluNAc) treatments on days 1 and 8 for all groups. On day 
30, mice from groups 2 and 3 received a second adoptive transfer of 5x105 OTII CD4+ T cells. All 
mice were administered an OVA+LPS challenge on day 31, and 10 days later, the dLNs and 
spleen were examined for the OTII CD4+ T cell response. (J) OTII CD4+ T cells recovered from 
dLNs (top) and spleen (bottom). (K) Lag-3+ OTII CD4+ T cells in dLNs (top) and spleen (bottom). 
(L) Numbers of IL-2 producing OTII cells in dLNs (top) or spleen (bottom) after a 6-h ex vivo 
restimulation with OVA323-339 peptide. (M) Numbers of TNFα secreting OTII CD4+ T cells in dLNs 
(top) or spleen (bottom) after a 6-h ex vivo restimulation with OVA323-339 peptide. Data are pooled 
from two independent experiments (n= 5-12), and represent the mean ± SD. *p ≤ 0.05, **p ≤ 0.01, 
***p ≤ 0.001 by one-way ANOVA using Tukey’s post hoc test in B, C, E-G, unpaired Student’s T 
test in D and H, and the Mann Whitney U test in J-M. 

 

Furthermore, we investigated whether the ability to induce tolerance through the s.c. 

route was unique to p(GluNAc) and whether it could be applied to the other 

glycopolymer (p(Gal) and p(Man)) antigen conjugates as well. We followed the 

optimized immunization schedule where we adoptively transferred OTI CD8+ and OTII 

CD4+ T cells into WT mice, and immunized them with 20 μg of OVA conjugated to 

p(GluNAc), p(Man) or p(Gal), followed by a boost one week later at the same dose. 

Nine days later, the mice were administered an OVA and LPS challenge and the T cell 

phenotype was evaluated after five days. We bled the mice three days after the first 

dose and found that the OTI CD8+ T cells massively proliferated, with the highest 

proliferation seen with OVA-p(Man) (~90%) and lowest with OVA-p(Gal) (~60%). OTI 

CD8+ T cells stimulated with OVA-p(GluNAc) led to an intermediate proliferative state (~ 

75%) (Fig. S3.1A). OTII CD4+ T cells also highly proliferated in response to the 

immunization, with maximum expansion seen with OVA-p(Man) and OVA-p(Gal) 

(~95%) and lowest with OVA-p(GluNAc) (65%) (Fig. S3.1B). The OTI CD8+ T cells had 
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experienced antigen and adopted an activated phenotype from the up-regulation of the 

surface CD44 marker (Fig. S3.1C). Similarly, OTII CD4+ T cells were also antigen-

experienced from elevated CD44 expression (Fig. S3.1D). Thus, LN-targeted 

synthetically glycosylated antigen, in general, leads to fruitful T cell priming following 

immunization, with highest OTI CD8+ T cell proliferation seen with OVA-p(Man) and 

highest OTII CD4+ T proliferation seen with OVA-p(Man) and OVA-p(Gal). OVA-

p(GluNAc) also leads to significantly high proliferation levels, though not to the same 

extent as the other two glycopolymers. 

 

Fig. S3.1. LN-targeted glyco-conjugated antigen results in massive initial proliferation of naïve 
antigen-specific CD4+ and CD8+ T cells. Mice received an adoptive transfer of OTI/OTII T cells 
and one day later, were immunized s.c. in all hocks with 20 ug of OVA-p(GluNAc), OVA-p(Man) 
or OVA-p(Gal), or saline as control, and the phenotype of the T cells was evaluated 3 days post-
immunization in the blood. (A) OTI CD8+ T cells that proliferated i.e., diluted CFSE quantified (left) 
and shown in histograms (right). (B) OTII CD4+ T cells that proliferated i.e., diluted CFSE 
quantified (left) and shown in histograms (right). (C) OTI CD8+ T cells that are CD44+ or CD44-. 
(D) OTII CD4+ T cells that are CD44+ or CD44-. Statistical differences were determined by one-
way ANOVA using Tukey’s post hoc test (A-B) and Mann-Whitney t test (C-D) (*p ≤ 0.05, **p ≤ 
0.01, ***p ≤ 0.005). 
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Table 1. Comparing the T cell tolerogenic response across glycoconjugates in response 
to inverse vaccination with p(Sugar)-antigen, at time of sac. 

 

Antigen challenge with LPS resulted in a significant suppression of OTI CD8+ T cells in 

all groups compared to saline in both the dLNs (Fig. S3.3A, left) and spleen (Fig. 

S3.3A, right). OVA-p(GluNAc) generated significantly better CD8+ T cell suppression 

compared to p(Gal) and p(Man) (Fig. S3.3A). We did not observe any OTII deletion in 

response to challenge, suggesting that this LN targeting strategy generated a 

tolerogenic effect specific to CD8+ T cells (Fig. S3.3B). Next, we focused on 

glycopolymer-specific signatures of tolerance induced in this experiment. p(GluNAc) 

resulted in the highest down-regulation of the TCR in the LNs and spleen (Fig. S3.3C). 



30 
 

OTI cells educated with p(GluNAc) were also most significantly suppressed in their 

ability to differentiate into effectors upon challenge in the LNs and spleen (Fig. S3.3D). 

OTI cells in the p(GluNAc) group also expressed highest PD-1 levels in the LN, which 

was accentuated in the spleen (Fig. S3.3E). Furthermore, p(GluNAc) resulted in the 

highest up-regulation of other co-inhibitory molecules including Lag-3 on LN OTI cells 

(Fig. S3.3F) and Tim-3 on splenic OTII cells (Fig. S3.3G). p(Man), on the other hand, 

was most effective at reducing proliferation of OTI and OTII cells from % cells that 

expressed Ki67 in the both the LNs and spleen (Fig. S3.3H, I). p(Man) also resulted in 

the highest induction of Foxp3-expressing CD8+ regulatory T cells in the LN though this 

responsibility was shared by all glycopolymer groups in the spleen (Fig. S3.3J). 

Interestingly, p(Man) also showed some indication of immunogenicity from the highest 

proportion of effector OTI cells induced post-challenge (Fig. S3.3K). Overall, all groups 

resulted in abrogation of type 1 cytokine production in OTI cells upon restimulation with 

the cognate peptide. IFNγ production was equally suppressed (Fig. S3.3L). IL-2 was 

most highly suppressed with p(Man) (Fig. S3.3M). Besides a reduction in the ability of 

OTI cells to produce the cytokines, reduction in total counts of all cytokine producers 

was also significant both in the LNs and spleen (Fig. S3.3N). p(GluNAc) resulted in the 

highest IL-10 secretion from OTI cells, indicative of dominant suppressive mechanisms 

(Fig. S3.3O). Even though OTII cells were not suppressed in numbers, they were 

suppressed functionally as they had a diminished ability to produce IFNγ (Fig. S3.3P) 

and IL-2 both in the LNs and spleen (Fig. S3.3Q). In conclusion, antigen-

p(GluNAc)/(Gal)/(Man) all were tolerogenic when targeted to the LNs (table 1). 



31 
 

 

Fig. S3.2. LN-targeted glyco-conjugated antigen results in robust CD8+ T cell suppression, with 
tolerogenic signatures unique to each glycopolymer. This is a continuation of the experiment Fig. 
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S3.2. LN-targeted glyco-conjugated antigen results in robust CD8+ T cell suppression, with 
tolerogenic signatures unique to each glycopolymer (continued) described two figures before, n=8. 
Mice received two doses of each OVA-glycopolymer conjugate on days 0 and 7, before receiving 
a challenge of OVA and LPS on day 16. The T cell phenotype was assessed at day 21. (A) OTI 
CD8+ T cells in LNs (left) and spleen (right). (B) OTII CD4+ T cells in LNs. (C-E) The OTI CD8+ T 
cell phenotype is shown in LNs (top) and spleen bottom). (C) MFI of TCR Vα. (D) Effector 
(CD44+CD62L-) OTI CD8+ T cells in LNs (top) and spleen (bottom). (E) PD-1 MFI of OTI CD8+ T 
cells. (F) LAG-3+ OTI CD8+ T cells in LNs. (G) Tim-3+ OTII CD4+ T cells. (H-J) The OTI CD8+ T 
cell phenotype is shown in LNs (top) and spleen (bottom). (H) Ki67+ i.e., proliferating OTI CD8+ T 
cells. (I) Ki67+ i.e., proliferating OTII CD4+ T cells. (J) Foxp3+ OTI CD8+ T cells. (K) Effector 
(CD44+CD62L-) OTI CD8+ T cells in spleen. (L) IFNγ+ OTI CD8+ T cells. (M) IL-2+ OTI CD8+ T 
cells. (N) Number of IFNγ+IL-2+ OTI in LNs (left) and spleen (right). (O) IL-10+ OTI CD8+ T cells in 
spleen. (P) IFNγ+ OTII CD4+ T cells. (Q) IL-2+ OTII CD4+ T cells in LNs (left) and spleen (right). 
Statistical differences were determined by one-way ANOVA using Tukey’s post hoc test (*p ≤ 0.05, 
**p ≤ 0.01, ***p ≤ 0.005). 

 

We next investigated whether a circulating antigen-specific regulatory memory was 

preferentially induced in CD8+ T cells educated by p(GluNAc) conjugated antigen, 

compared to free antigen, in the dLNs. Surviving OTI cells educated by OVA-p(GluNAc) 

exhibited a central memory phenotype characterized by high expression of CD44, 

CD62L and Ly6C in the dLNs (Fig. 3C, left). OTI cells from the spleen also shared this 

phenotype, further validating that local antigen education in the dLNs is able to generate 

a circulating central memory T cell pool poised for immune suppression (Fig. 3C, right) 

(70)(55). Not only did OVA-p(GluNAc) lead to more central memory CD8+ T cells overall 

but the proportion of central memory cells (CD44+CD62L+) compared with effector 

memory cells (CD44+CD62L-) was significantly higher (Fig. 3D).  

 

In contrast to what we observed after challenge, OTI cells in the OVA-p(GluNAc) group 

had a lower PD-1 expression at steady-state (Fig. 3E), possibly because of the absence 

of chronic inflammatory stimuli and feedback networks that are usually needed to 

maintain high PD-1 expression and an exhausted state (56). Contrarily to PD-1, Lag-3 



33 
 

was expressed at high levels on OTI (Fig. 3F), indicating that other mechanisms exist to 

maintain its expression even in the absence of residual antigen or chronic inflammation, 

which might be through interaction with scavenger receptor LSECtin (Clec4g) 

expressed on LECs (57).  

 

Importantly, we noticed a significant induction in CD8+ regulatory T cells that were 

Foxp3+ both in the dLNs and spleen of mice that had been treated with OVA-p(GluNAc) 

(Fig. 3G). Along with antigen-specific CD4+ Tregs, these could also be the source of the 

heightened IL-10 levels secreted upon antigenic challenge (Fig. 2I). Foxp3-expressing 

CD8+ Tregs have been reported to be important suppressive players in autoimmune 

disease such as type 1 diabetes and especially in the context of transplantation where 

donor cells continue to express MHCI for long time periods following the graft (58, 59). 

The anergic T cells were rescued in their ability to produce IFNγ by the addition of 

exogenous IL-2 in the restimulation culture supernatant (Fig. 3H) (60). Since this was 

an ELISA measurement, it was not possible to point out the identities of the T cells that 

were most responsible for this reversal in effector function, but it is most likely due to 

both CD4+ and CD8+ T cells. A similar restoration or increase in cytokine production 

was observed when cells from the saline and OVA groups were also restimulated in the 

presence of additional IL-2 (Fig. S3.2B). Nonetheless, tolerance induced by s.c. 

antigen-p(GluNAc) is long-lasting, as evidenced by the resistance to antigenic challenge 

three months following the tolerization dose (Fig. S3.2C). 
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We next asked whether the antigen-specific CD8+ Tregs induced by OVA-p(GluNAc) 

were capable of suppressing antigen-specific effector CD4+ T cells. We set up three 

groups to answer this question. Group (1) received a first adoptive transfer of OTI cells, 

followed by the OVA-p(GluNAc) tolerizing treatment and antigenic challenge but not the 

second OTII adoptive transfer (positive control for tolerance). Group (2) did not receive 

a first adoptive transfer of OTI cells but received the OVA-p(GluNAc) treatment, 

followed by a second adoptive transfer of OTII cells and challenge (negative control for 

tolerance). Experimental group (3) received both the first and second adoptive transfers, 

including OVA-p(GluNAc) treatments and the antigenic challenge. The purpose of the 

challenge following the second adoptive transfer was to activate the naïve CD4+ T cells 

into an effector phenotype. Moreover, we chose to wait an additional 10 days prior to 

sacrificing the mice to give the OTI CD8+ Tregs enough time to encounter the effector 

OTII cells in the face of a potentially overwhelming LPS-induced inflammatory 

environment (Fig. 3I). We found that OTII cells from group (3) were significantly 

suppressed compared to OTII cells from group (2) at day 41. OTII cells from the dLNs 

and spleen of group (3) were recovered in smaller numbers (Fig. 3J), more highly 

expressed Lag-3 (Fig. 3K), and were impaired in their ability to produce IL-2 and TNFα 

cytokines upon restimulation with their cognate peptide (Fig. 3L, M). This shows that 

antigen-specific CD8+ Tregs induced with p(GluNAc)-conjugated antigen are long-lived 

and able to suppress antigen-specific effector CD4+ T cells, signifying that this strategy 

may be effective in treating autoimmune disorders or allergies in a therapeutic setting. 



35 
 

 

Fig. S3.3. LN-targeted antigen-p(GluNAc) induces extensive initial proliferation of CD8+ T cells 
and subsequent long-lived tolerogenic memory in the face of an inflammatory challenge. (A) (Left) 
Representative flow cytometry histograms of the CFSE dilution (proliferation) undergone by OTI 
cells in the blood of wild-type mice 3 days post-s.c. injection with saline or OVA-p(GluNAc). (Right) 
Quantitative analysis of the OTI proliferation. (B) Experimental set-up described in Fig. 3A. 
Splenocytes from the saline or OVA group were restimulated with 100 μg/mL OVA in culture 
media alone or supplemented with 200 Units/mL (~12 ng/mL) exogenous IL-2, and levels of IFNγ 
were measured in the supernatant 3 days later by ELISA. (C) Mice were immunized as described 
in Fig. 3A, received an OVA+LPS challenge 3 months following the second dose, and were 
sacrificed 5 days post-challenge. % OTI cells recovered from dLNs. Statistical differences were 
determined by unpaired Student’s T test in A, B, and one-way ANOVA using Tukey’s post hoc 
test in C (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001). 
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Inhibition of LAG-3 signaling completely reverses CD4+ and CD8+ T cell tolerance 

induced by LN-targeted OVA-p(GluNAc) 

 

Fig. 4. Inhibition of LAG-3 signaling completely reverses CD4+ and CD8+ T cell tolerance induced 
by LN-targeted OVA-p(GluNAc). (A-F) CD45.2+ mice that had received an adoptive transfer of 
1x106 of both OTI (CD45.1+CD3+CD8+) and OTII (CD45.1+CD3+CD4+) T cells via i.v. injection, 
were treated on days 1 and 8 with saline, or 20 μg of OVA-p(GluNAc) s.c. in all four hocks (5 μg 
per hock). On days 1, 3, 5, 7, 9 and 11, mice were also treated with 250 μg of either αLag-3, αPD-
1 or αCTLA-4. On day 17, mice were given a s.c. OVA+LPS challenge, and were sacrificed 5 
days later to evaluate the OTI and OTII T cell phenotype in the dLNs and spleen. (B) OTI CD8+ T 
cells recovered from dLNs (top) and spleen (bottom). (C) OTII CD4+ T cells recovered from dLNs 
(top) and spleen (bottom). (D) Antigen-specific OTII CD4+ Tregs in dLNs (top) and spleen (bottom). 
(E) IFNγ secreting OTI CD4+ T cells after a 6-h ex vivo restimulation with OVA257-264 peptide from 
dLNs (top) and spleen (bottom). (F) IFNγ producing OTII CD4+ T cells after a 6-h ex vivo 
restimulation with OVA323-339 peptide. (G) TNFα secreting OTII CD4+ T cells after a 6-h ex vivo 
restimulation with OVA323-339 peptide. (H) Representative flow cytometry plots depicting IFNγ+ and 
TNFα+ OTI CD8+ T cells from dLNs after a 6-h ex vivo restimulation with OVA257-264 peptide. Data 
are pooled from two independent experiments (n= 5-10), and box-and-whisker plots represent the 
median, first and third quartiles. Statistical differences were determined by one-way ANOVA using 
Dunnett’s post hoc test. Stars above horizontal bars represent p values with respect to the OVA-
p(GluNAc) group (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001) and † indicate p values with respect to the 
saline group († p ≤ 0.05, †† p ≤ 0.01, ††† p ≤ 0.001).  
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We have demonstrated that OTI and OTII cells engage the co-inhibitory module by up-

regulating several surface immunosuppressive molecules, including PD-1 and Lag-3. 

We thus sought to investigate the role of these co-inhibitory signaling pathways in the 

tolerogenic mechanism of action of LN-targeted antigen-p(GluNAc) glycoconjugates. 

We set up a tolerance experiment as described above, but where we administered, 

during the OVA-p(GluNAc) priming window, i.p. injections of 250 μg blocking antibody 

against either Lag-3, PD-1 or CTLA-4, or no antibody for a total of 6 injections (Fig. 4A). 

We challenged the mice with OVA and LPS 6 days following the last dose of blocking 

antibody and assessed the impact on the OTI and OTII response 5 days after 

challenge. The antigen-specific CD8+ T cell deletional tolerance established with OVA-

p(GluNAc) was completely ablated to the non-tolerized saline levels when Lag-3, PD-1 

or CTLA-4 was blocked, measured in both the dLNs and spleen, though a slightly larger 

effect was observed with Lag-3 neutralization (Fig. 4B). Deletional tolerance was also 

reversed in the OTII compartment but not to levels seen in the saline-treated mice, 

except with αLag-3 and αCTLA-4 in the spleen (Fig. 4C). Antigen-specific CD4+ Treg 

induction was also abrogated and diminished back to saline levels, especially with Lag-

3 neutralization (Fig. 4D). Upon restimulation with OVA257-264 peptide, IFNγ production 

by OTI cells was completely rescued with αLag-3 but only partially with αPD-1 and 

αCTLA-4 (Fig. 4E). Similar trends were observed in IFNγ and TNFα production in the 

OTII compartment, albeit not to equivalent levels as with OTI (Fig. 4F-H). OTII cytokine 

impairment was not rescued in the spleen, indicating that there is more of a CD4+ T cell 

local effect in the dLNs (Fig. S4A, B). Therefore, these inhibitory signaling pathways 

investigated have a larger and more important effect in the dLNs and in the antigen-
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specific CD8+ T cell compartment, suggesting a greater dependence for CD8+ T cell 

tolerance, and also that other axes of tolerance induced by LN-targeted antigen-

p(GluNAc) glycoconjugates contribute to CD4+ T cell tolerance. 

 

Fig. S4. Antigen-specific CD4+ T cell effector function is conserved in the spleen of mice treated 
with s.c. antigen-p(GluNAc) and antibodies blocking LAG-3, PD-1 and CTLA-4. (A) Experimental 
set-up described in Fig. 4A. % IFNγ producing splenic OTII cells after a 6-h ex vivo restimulation 
with OVA323-339 peptide. (B) % TNFα secreting splenic OTII cells after a 6-h ex vivo restimulation 
with OVA323-339 peptide. Box-and-whisker plots represent the median, first and third quartiles. 
Statistical differences were determined by one-way ANOVA using Dunnett’s post hoc test. Stars 
above horizontal bars represent p values with respect to the OVA-p(GluNAc) group (*p ≤ 0.05, 
**p ≤ 0.01, ***p ≤ 0.001) and † indicate p values with respect to the saline group († p ≤ 0.05, †† p 
≤ 0.01, ††† p ≤ 0.001).  

 

OVA-p(GluNAc) presentation to CD4+ T cells and cross-presentation to CD8+ T 

cells is mediated by dendritic cells and is independent of intrinsic pathways of 

presentation 

The biodistribution experiment described in Fig. 1 showed that several professional and 

semi-professional APCs were responsible for antigen-p(GluNAc) uptake in the dLNs but 

their contribution to antigen presentation to naïve CD4+ and CD8+ T cells in the dLNs 

remained to be elucidated. To tease out the contribution of specific APC subsets to 

antigen presentation, we evaluated the proliferation of OTI and OTII cells 3 days post-

s.c. immunization in transgenic mice that lacked the APC subsets of interest or in wild 

type C57BL/6 mice where those APC subsets were depleted using monoclonal 
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antibodies. We first focused our attention on macrophages, which we showed are major 

uptakers (Fig. 1I). We compared the initial proliferative response of OTI and OTII cells 

in wild type mice that received 250 μg of anti-CFS1R depleting antibody or isotype 

control s.c. on days 0, 3, 6 and 9. These mice received an adoptive transfer of CSFE-

labeled OTI and OTII cells on day 7 and 20 μg OVA-p(GluNAc) s.c. on day 8. They 

were also administered daily i.p. injections of FTY-720 inhibitor to trap the T cells in the 

LNs in order to maximize exposure of the T cells to peptide-bearing MHC expressing 

APCs (Fig. 5A). A problem with antibody depletion such as with anti-CSF1R is the 

systemic dissemination associated with i.v. or i.p. injections of the antibody (61). In 

order to limit macrophage depletion to the dLNs, we administered the antibody s.c. in 

the hocks in the same way that we immunized the animals. We found that, compared 

with clodronate depletion, this local antibody injection successfully depleted 

macrophage populations of interest, namely CD169+ SCS and medullary macrophages 

as well as more deeply located TZMs, in LNs only but left splenic macrophages intact 

(Fig. S5A). We observed massive but similar OTI and OTII proliferation in both the 

αCSF1R-treated and isotype-treated mice, indicating that LN macrophages are 

dispensable to the priming of CD4+ and CD8+ T cells in response to s.c. administered 

antigen-p(GluNAc) (Fig. 5B).  
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Fig. 5. OVA-p(GluNAc) presentation to CD4+ T cells and cross-presentation to CD8+ T cells is 
mediated by dendritic cells and is independent of intrinsic pathways of presentation. (A) CD45.2+ 
mice of wild-type (WT) or Batf3-/- genotype were treated s.c. in all four hocks with 250 μg of 
αCSF1R or an isotype IgG2a control on days 0, 3, 6 and 9. On day 7, mice received an adoptive 
transfer of CFSE-labeled OTI CD8+ T and OTII CD4+ T cells via i.v. injection, followed by a s.c. 
administration of 20 μg OVA-p(GluNAc) on day 8, and daily i.p. injections of FTY 720 inhibitor 
starting on day 7. On day 11, mice were sacrificed and the dLNs and spleen were examined for 
OTI and OTII proliferation. (B) (Left) Representative flow cytometry histograms of the CFSE 
dilution undergone by OTI CD8+ T (left) and OTII CD4+ T (right) cells in the dLNs of WT mice in 
the isotype control (blue) and αCSF1R (red) conditions. (Right) Quantitative analysis of the OTI 
and OTII T cell proliferation index in dLNs of WT mice treated as described above. (C) Quantitative 
analysis of the OTI and OTII T cell proliferation index in dLNs of Batf3-/- mice and WT mice treated 
as described above. (D-H) DCs were FACS sorted from s.c. LNs (axillary, brachial, inguinal, 
popliteal, cervical) of WT mice into four populations: CD8+ resident (CD8+ rDC1), CD103+ 
migratory (CD103+ mDC1), CD11b+ resident (CD11b+ rDC2) and CD11b+ migratory (CD11b+ 
mDC2), and stimulated in vitro in a 1:1 ratio with CFSE-labeled OTI CD8+ T and OTII CD4+ T cells 
in the presence of 2 μM of OVA or OVA-p(GluNAc). 3 days later, the OTI and OTII T cells were 
analyzed for proliferation and activation (CD44+). (D) Representative flow cytometry histograms 
of the CFSE dilution (numbers indicate percent proliferated) undergone by OTI CD8+ T (left) and 
OTII CD4+ T (right) cells induced by each DC subset in the OVA (purple) and OVA-p(GluNAc) 
(green) groups. (E) Quantitative analysis of the OTI CD8+ T proliferation. (F) Quantitative analysis 
of the OTII CD4+ T proliferation. (G) CD44+ OTI CD8+ T cells. (H) CD44+ OTII CD4+ T cells. The 
graphs show means ± SD, n= 5. *p ≤ 0.05, **p ≤ 0.01 by two-way ANOVA using Sidak’s post hoc 
test in B, E-H and two-way ANOVA using Tukey’s post hoc test in C.  
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To determine the contribution of another major uptaker, cross-presenting DCs, to s.c. 

OVA-p(GluNAc) immunization, we used Batf3-/- mice that lack cross-presenting CD8+ 

DCs (62). These Batf3-/- mice are on a C57BL/6 background and we verified that there 

were minimal residual DCs in the LNs of these mice due to compensatory Batf1 

expression (Fig. S5B). We followed the same schedule as described above (Fig. 5A). 

OTI cells proliferated significantly less in the Batf3-/- mice compared to wild type mice, 

showing that these DCs play an important role in the cross-presentation of OVA-

p(GluNAc); OTII cells were unaffected as anticipated (Fig. 5C). To confirm that 

macrophages were not involved, we further depleted these subsets through s.c. 

αCSF1R antibody injections in Batf3-/- mice according to the above-described schedule 

(Fig. 5A) and observed no further change in proliferation of OTI cells (Fig. 5C). Even 

though we identified that cross-presenting DCs were important, they are evidently not 

the only APC involved since we obtained non-negligible residual OTI proliferation in the 

Batf3-/- mice (Fig. 5C).  

 

Because we still saw substantial OTI proliferation in Batf3-/- mice, we turned to FACS 

sorting and ex vivo antigen priming to identify the important DC players. We isolated the 

subcutaneous LNs (axillary, brachial, inguinal, popliteal, cervical) from wild-type mice 

and sorted the LN digests into four populations: CD8+ resident 

(CD11c+MHCIIintCD8+CD11b-, denoted as CD8+ rDC1), CD103+ migratory 

(CD11c+MHCIIhighCD103+CD11b-, denoted as CD103+ mDC1), CD11b+ resident 

(CD11c+ MHCIIintCD8-CD11b+, denoted as CD11b+ rDC2) and CD11b+ migratory 
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(CD11c+MHCIIhighCD103-CD11b+, denoted as CD11b+ mDC2). We then stimulated each 

population in vitro in a 1:1 ratio with CFSE-labeled OTI and OTII cells in the presence of 

2 μM of unmodified OVA or OVA-p(GluNAc). 3 days later, the OTI and OTII cells were 

analyzed for proliferation and activation (antigen experience), measured by dilution of 

the CFSE dye and CD44 expression, respectively. We made four main observations: (1) 

OVA-p(GluNAc) presentation elicited mainly a CD8+ T cell response (i.e. proliferation 

and activation), (2) presentation was not limited to cross-presenting DC1s but DC2s 

were also important, (3) LN-resident subsets were more important than migratory 

populations for both DC1s and DC2s and, (4) OVA-p(GluNAc) generally resulted in a 

lower OTI and OTII proliferation and activation compared to unmodified OVA, indicative 

of an early tolerogenic skewing of T cell fate (Fig. 5D-H). We also assessed the ability 

of LECs (the other major uptaker) to present OVA-p(GluNAc), and, while they did, they 

did so to a lower extent compared to DCs (Fig. S5C). Thus, we established that DCs, 

alongside being good uptakers, are also the main LN APC involved in presenting s.c. 

administered antigen-p(GluNAc) to naïve CD4+ and CD8+ T cells. 
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Fig. S5. Macrophage subsets are effectively depleted in the dLNs of mice injected s.c. with 
αCSF1R, and are not responsible for antigen-p(GluNAc) priming to naïve T cells. (A) (Top left) 
Wild-type mice were treated s.c. in all four hocks with 250 μg of αCSF1R or an isotype IgG2a 
control on days 0 and 3, or alternatively, with 800 μg of clodronate or PBS-loaded liposomes on 
day 0. On day 7, mice were sacrificed and the dLNs and spleen were examined for the 
presence of macrophage subsets and DCs. (Top right) % macrophages in each subset in the 
dLNs. (Bottom left) % DCs in the dLNs. (Bottom right) % splenic macrophages. (B) 
Representative flow cytometry plots showing the reduction, but not complete absence, of CD8+ 
rDC1 and CD103+ mDC1 in the s.c. LN and spleen of Batf3-/- mice. (C) LN-LECs were isolated 
from wild-type mice and expanded ex vivo before they were stimulated in a 1:1 ratio with CFSE-
labeled OTI and OTII cells in the presence of 2 μM of unmodified OVA or OVA-p(GluNAc). 3 
days later, the OTI and OTII cells were analyzed for proliferation and activation (CD44+). 
Quantitative analysis of the OTI and OTII proliferation (left) and activation quantified by % 
CD44+ (right) in the conditions described above. (D) Representative flow cytometry plots 
showing the gating strategy used for sorting LNs into the four DC populations described in Fig. 
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Fig. S5. Macrophage subsets are effectively depleted in the dLNs of mice injected s.c. with 
αCSF1R, and are not responsible for antigen-p(GluNAc) priming to naïve T cells (continued) 5E-
I. The graphs show means ± SD. Statistical differences were determined by two-way ANOVA 
using Tukey’s post hoc test in A (top right) and one-way ANOVA using Tukey’s post hoc test in 
A (bottom) and C (*p ≤ 0.05, **p ≤ 0.01). 

 

To test the efficacy of prophylactic LN-targeted synthetically glycosylated antigen in an 

autoimmune disease model, we turned to the spontaneous non-obese diabetic (NOD) 

mouse model. This is a difficult model to achieve prophylactic or therapeutic efficacy in 

because, similar to the disease condition in humans, it is associated with a considerable 

polyspecific T cell response as the pancreatic β islet cell destruction is mediated by 

CD4+ and CD8+ T cells targeting several antigens presented by different MHC 

molecules (63)(64)(65). The polyspecificity of the response is also accompanied by a 

range of TCR avidities that are correlated with pathogenic potential of specific clones 

(66). There is a big gender discrepancy in the spontaneous development of T1D in 

these mice, where despite having higher susceptibility to onset, females still develop 

glycemia at a rate of at 80-90% at most with an earlier onset at about 12 weeks of age 

(67). For prophylactic efficacy, it is crucial to treat female NOD mice before this onset 

window such that auto-reactive clones already present in the prediabetic mice can be 

suppressed in their effector and islet destruction function (66).  

We picked the β insulin antigen for conjugating to our glycopolymers, specifically the 9-

23 epitope on the protein. In prediabetic NOD mice, 50% of the T-cell clones 

established from islet-infiltrating lymphocytes were insulin-specific and the majority of 

these clones recognized the insulin B:9-23 (ins9-23) epitope (68). Ins9-23 bound to MHCII 

(I-Ag7) has been shown to be recognized by CD4+ T cells in the NOD mice (69). This 
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peptide sequence has also been shown to stimulate CD8+ T cells in the context of MHCI 

HLA molecules to varying levels of avidity (70)(71).  

Ins9-23 needed to be modified with cysteine sequence (GGSGCRG) for successful 

conjugation to p(GluNAc) and p(Gal). This is contrast with full length proteins that are 

conjugated to the glycopolymers via their free amines in a more straightforward fashion 

(24). These conjugates yielded a molecular weight of 50- 150 kDa, that can be purified 

from unconjugated peptide using size exclusion chromatography as described before; 

pooled fractions ran on an SDS-page gel are shown (Fig. 6A). Young four-week-old 

female NOD mice were prophylactically treated s.c. with a total of four doses of insB, 

ins9-23-p(GluNAc), ins9-23-pGal or saline every two weeks until they reached 10 weeks of 

age, and glycemia levels were monitored for up to 20 weeks through tail bleeds. Mice 

that reached 250 mg/dL units for three consecutive days were euthanized. There was 

overall no significant difference in onset of glycemia between the saline-treated mice 

and the ins-treated groups (Fig. 6B). Only ~60% mice in the intreated group 

spontaneously developed diabetes, which makes interpretation of a prophylactic benefit 

in this experiment difficult since it is hard to know if the mice that never became 

glycemic never became so because of the model or because the treatment was 

successful in preventing the onset (Fig. 6C). In the earlier weeks before week 17, we 

observed that ins9-23-p(GluNAc) treated mice experienced a significant delay in onset by 

three weeks compared with ins9-23 treated mice (Fig. 6D). This effect was however not 

lasting since more mice in the ins9-23-p(GluNAc) group eventually became glycemic, 

leading differences between groups to disappear. This could be due to our prior findings 

that LN-targeted antigen glyco-conjugate does not result in as effective as a CD4+ T cell 
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suppression compared with the CD8+ T cell compartment, accounting for the low 

prophylactic efficacy of s.c. glyco-modified antigen in the NOD model of type 1 diabetes. 

 

Fig. 6. LN-targeted glyco-conjugated antigen modestly delays the onset of type 1 diabetes in the 
spontaneous NOD mouse model. (A) Non-reducing SDS-page gel showing the position of the 
pooled size exclusion peaks of insB-p(GluNAc) and ins-pGal w.r.t unconjugated peptide. Both 
lanes for each conjugate were further pooled and concentrated for concentration measurement 
and further use. (B-D) NOD mice were immunized s.c. in all hocks with 0.5 ug of unconjugated 
insB, insB-p(GluNAc) or ins-pGal or saline as control starting at week 4 of age, for every two 
weeks until they reached week 10 in age. They were monitored for glycemia once to twice a week 
until they all reached week 20 in age. (B) Blood (GluNAc)cose levels in blood in mg/dL. Mice were 
euthanized when the level was 250 or above for three consecutive days. (C) % non-diabetic mice. 
(D) % non-diabetic mice in insB and ins-p(GluNAc) groups only until week 17. Statistical 
differences were determined by one-way ANOVA using Tukey’s post hoc test (*p ≤ 0.05, **p ≤ 
0.01, ***p ≤ 0.005). 
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Discussion 

Our previous work has demonstrated that synthetically glycosylated antigen may be 

useful as an inverse vaccine platform for inducing antigen-specific tolerance (24). The 

versatility and mild conditions of the antigen conjugation chemistry to our glycopolymer 

ensure that the strategy can be universally applied to any antigen that contains a native 

or engineered primary amine. A synthetically-glycosylated inverse vaccine has now 

entered phase I clinical trials for inducing tolerance in the context of celiac disease 

(ClinicalTrials.gov Identifier: NCT04248855). Although our previous work investigated 

targeting hepatic APCs (24), in this study we investigate tolerance induction mediated 

by targeting LN-resident APCs accessed through s.c. injection.  

 

LNs are the site of tightly orchestrated responses that can be guided toward immunity or 

tolerance, depending on context (72). Similar to the liver, antigen dose and frequency, 

formulation and co-formulation with modulatory signals, as well as specific APC players 

determine the immunological response (73). Here, we focus on understanding the 

mechanisms of action of synthetically glycosylated inverse vaccines on LN-resident 

APCs, and to what extent dose and dose frequency may need to be adapted to achieve 

tolerance. Delivering the antigen conjugated to a glycopolymer may be beneficial for 

lymphatic absorption and channeling to LN-resident APCs and then for uptake via 

binding to their scavenger receptors to promote tolerance. 

 



48 
 

When delivered s.c., antigen conjugated to p(GluNAc), in this case OVA-p(GluNAc), 

rapidly drains and accumulates in the dLNs, to a significantly higher extent than 

unmodified OVA, which is consistent with particle filtration dynamics in the dLNs. Glyco-

polymerization alters the physicochemical properties of the antigen in important ways: 

the molecular weight is increased by 30-70 kDa, resulting in a net neutrally charged, 

branched polymeric particle. These nanoparticles are of optimal molecular weight and 

size to drain into the lymphatics and accumulate in the dLNs, as opposed to smaller 

particles that are rapidly filtered through floor lymphatic endothelial cells and into 

systemic circulation via high endothelial venules, or to larger microparticles that are 

preferentially captured by migratory APCs at the site of injection for subsequent 

trafficking to the dLNs (26, 27).  

 

T cell interaction kinetics with APCs bearing peptide MHC (pMHC) antigen in the LN 

have been extensively studied. In a non-inflammatory scenario, where the unique 

priming signal is the TCR-pMHC interaction, immune synapses are incomplete, making 

APC-T cell interactions very transient (28). Thus, it is of utmost importance to ensure 

higher availability of antigen in the LN to generate robust antigen-specific priming of T 

cells from short but numerous APC-T cell interactions even if a tolerogenic 

consequence is desired. Strategies such as non-bolus injection modes, sustained-

release hydrogels or albumin fusion have been explored to improve LN retention of 

antigen (52, 74, 75). The significantly higher accumulation of antigen-p(GluNAc) means 

that the threshold for naïve T cell activation can be lowered in the dLNs. 
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Canonical Foxp3+CD25+ Tregs play a crucial role in ensuring the maintenance of 

tolerance and, more recently, antigen-specific Tregs induced in the periphery are being 

increasingly recognized as important regulators (76–78). We have also shown the 

dependence of LN-targeted suppression on long-lived CD8+ regulatory T cell subsets 

(Fig. 3I-M). These constitute an important arm in the natural control of autoimmunity 

(79) but can also be induced under different treatment conditions that have mostly been 

investigated in immune-privileged sites (80) and in the context of transplantation and 

peptide immunotherapy in lupus (81, 82). The ability of antigen-p(GluNAc) to result in 

broad antigen-specific regulatory and suppressor subsets of T cells would be a highly 

desirable property. 

 

There were noticeable differences in the response of antigen-specific CD4+ and CD8+ T 

cells to blockade of the distinct co-inhibitory pathways (Lag-3, PD-1 and CTLA-4). CD8+ 

T cell tolerance was significantly more ablated when these signaling pathways were 

disrupted, indicating a higher dependence on these signaling pathways for tolerance 

induction (Fig. 4). All three pathways were found to be important to some extent for 

CD4+ and CD8+ T cell tolerance, a result that did not surprise us given that many of 

these co-inhibitory molecules form part of an immunosuppressive module co-regulated 

by overlapping signaling such as IL-27 (48). Lag-3 was found to be an essential 

suppressive pathway responsible for inducing deletional tolerance in CD8+ T cells in 

both the dLNs and spleen and in CD4+ T cells in the spleen (115). This also suggested 

to us that other signaling axes exist to ensure CD4+ T cell peripheral tolerance is 

maintained. One example is considering how Lag-3 expressed on CD4+ T cells interacts 
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with its ligands in the LN microenvironment. We have shown that OVA-p(GluNAc)-

educated OTII cells express higher Lag-3 levels (Fig. 2N). Lag-3 binds to MHCII on 

various APCs, an interaction that contributes to CD4+ T cell activation and is not 

blocked by the αLag-3 (C9B7W) antibody that we used in our experiments (85). Lag-3 

on T cells has also been reported to interact with LSECtin that is highly expressed on 

LN-LECs (Fig. 2) (57). Another recently-identified ligand for Lag-3 is Fibrinogen-like 

protein 1, but is not expressed in LNs although it is dominantly expressed in the liver 

(86).  

 

This is the first report of local LN macrophage depletion using a subcutaneous injection 

of CSF-1R depleting antibody, but s.c. administration is a recently validated strategy for 

the locoregional enrichment of blocking antibodies such as checkpoint antibodies in the 

sentinel LNs for tumor control (87). Francis et al. demonstrate that s.c. administration of 

αPD-1 or αCTLA-4 antibodies ipsilateral to the primary tumor results in accumulation in 

the local dLNs and anti-tumor efficacy but also a systemic abscopal effect. While we 

observed a robust decrease in macrophage subsets in the dLNs, we did not suppress 

macrophages in the spleen, indicating that antibodies rapidly drain to and are retained 

in the dLNs where they exert a local effect, leading to a systemic immunological 

response (88). While our data showed a dispensable role for macrophages in 

glycoconjugate-medicated antigen priming, it is possible that macrophages relay the 

acquired antigen to DCs for further processing and presentation onto MHC, as has been 

reported (89, 90). This coordinated effort and transfer of antigen between different APC 

subsets through vesicular routes has been evidenced under steady-state (91) and, 
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more recently, elegantly demonstrated in the context of sentinel LN priming in cancer 

(92).  

 

Dendritic cells have unique and varied intrinsic pathways of antigen presentation but 

can also be highly cooperative depending on context (93). For example, mannose 

receptor-directed antigen is channeled to early endosomes and the cross-presentation 

pathway (94). Even though the current paradigm is that DC1s (LN-resident CD8+ or 

migratory CD103+) are specialized in cross-presenting antigen to CD8+ T cells, while 

DC2s (LN-resident or migratory CD11b+) are better equipped to present to CD4+ T cells, 

all DCs are capable of presenting to both CD4+ and CD8+ T cells given the right 

circumstances dictated by location (both anatomically and within the LN), antigen dose 

and administration route, and inflammatory stimulus (30, 95–102). Consistent with this, 

we found that ex vivo priming with OVA-p(GluNAc) by DC1s and DC2s resulted in both 

OTI and OTII expansion and activation but primarily a CD8+ T cell response with at least 

a two-fold difference in OTI proliferation, compared with OTII (Fig. 5D-F).  

 

The divergence in CD4+ and CD8+ T cell proliferation is not surprising given that they 

have very different activation requirements (103). For instance, CD4+ T cell proliferation 

is more dependent on prolonged antigen exposure compared to CD8+ T cells (104). The 

APC antigen uptake and distribution landscape is also instrumental to regulating 

differential priming (105, 106). Furthermore, while CD4+ T cells are required for optimal 

CD8+ T cell activation during a primary activation or memory recall response and for 
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survival (107, 108), CD8+ T cell memory formation has been shown to be intrinsic and 

CD4+ T cell independent (109). In the context of peripheral tolerance, CD4+ T cell help 

is usually an instigator of autoreactive CD8+ T cell effector function in several 

autoimmune conditions ranging from type 1 diabetes to vitiligo and is undesirable in 

transplant tolerance (110–114). Since the antigen-specific CD4+ and CD8+ T cells were 

both in contact with the sorted DCs at the same time in our ex vivo sorting and priming 

experiment, the CD4+ T cell help provided by OTII cells could be an additional factor 

that contributed to the OTI proliferation (Fig. 5D, E). The OTI and OTII proliferation was 

elicited by both sorted DC1 and DC2 populations, especially LN-resident subsets, which 

is what we expected given that OVA-p(GluNAc) drains rapidly to the LN and is not 

retained at the s.c. site of injection 72 h post-injection, which is the timeframe for when 

migratory DCs make their way to dLNs with captured antigen (Fig. S1A). 

 

In conclusion, in this work, we present a novel approach of inducing antigen-specific 

tolerance using synthetically glycosylated antigen via peripheral s.c. routes of targeting. 

We leverage the biophysical, biochemical and immunological environment of the LN 

and its cellular players to induce robust and lasting tolerance to exogenous antigen. We 

believe this approach will be particularly beneficial in therapies where the orchestration 

of immune tolerance via a peripheral route is desired, such as in allergen subcutaneous 

immunotherapy. 
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Materials and Methods 

Study Design 

The objective of this study was to target synthetically glycosylated antigen to LN APCs 

to induce antigen-specific immunological tolerance, and investigate the molecular 

mechanisms of tolerance. We delivered p(GluNAc)-conjugated antigen to dLNs via s.c. 

administration, and characterized the antigen distribution, retention and uptake 

landscape, as well as downstream effects on the antigen-specific T cell response. We 

furthermore elucidated the contribution of specific APC subsets, T cell regulatory 

populations, and co-stimulatory signaling axes to the maintenance of tolerance. Flow 

cytometry and fluorescence microscopy were the primary analytical techniques used, 

and the OTI and OTII TCR-transgenic system was the main model studied. The number 

of experimental replicated are indicated in figure legends. 

Mice 

Mice were maintained in a pathogen-free facility at the University of Chicago. All 

experiments and procedures in this study were performed with the approval of the 

Institutional Animal Care and Use Committee at the University of Chicago. Female 

C57BL/6 mice, aged 7-12 weeks, were purchased from Charles Rivers (strain code: 

027). OTI (JAX code: 003831) and OTII (JAX code: 004194) were crossed to CD45.1+ 

mice (JAX code: 002014) to yield congenically labeled OTI and OTII mice. Batf3-/- mice 

were originally a donation from Justin P. Kline’s laboratory at the University of Chicago, 

and subsequently, bred in house.  

OVA-p(GluNAc) synthesis and characterization 
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Detailed synthesis and characterization methods can be found in (24). Briefly, 

p(GluNAc) was synthesized using a reversible addition-fragmentation chain transfer 

(RAFT) polymerization using an azide-modified RAFT agent, a biologically inert 

comonomer (N-(2-hydroxypropyl) methacrylamide, HPMA) and the glycosylated 

methacrylamide N-acetyl glucosamine monomer. We use a copper-free click-based 

reaction in aqueous solvent at room temperature to conjugate the polymers to antigens 

to preserve the antigen’s tertiary structure and function. To this end, the antigen is 

modified at terminal amines with an amine-reactive heterobifunctional bicyclononyne-

decorated linker. Upon conjugation, this linker forms a reduction-sensitive chemical 

bond that is stable in serum but is cleaved when the conjugate encounters the reductive 

environment of the endosome inside the antigen presenting cell. The polymer ranges in 

size from 30-60 kDa, and can be visualized on a non-reducing SDS-page gel after 

conjugation to antigen. Conjugated OVA-p(GluNAc) was separated from unconjugated 

OVA by size exclusion in PBS buffer and the concentration of conjugated OVA was 

quantified by boiling the conjugate in reducing Laemmli buffer and running it on a 

reducing SDS-page gel alongside unmodified OVA samples of known concentrations. 

Finally, OVA-p(GluNAc) was tested for the presence of endotoxin before being used in 

tolerance experiments. For the synthesis of the fluorescent OVA647-p(GluNAc) 

conjugate, Alexa FluorTM 647 NHS ester was first conjugated to OVA before the click 

linker step. 

S.c. tolerization 

Unless otherwise specified, mice were injected s.c. in all four hocks at a dose of 5 μg of 

OVA antigen and volume of 20 μL per hock, under isoflurane anesthesia.  
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Whole-organ fluorescence imaging of LNs 

15 h after s.c. hock injections, whole cardiac perfusion was performed with PBS (pH= 

7.4) under isoflurane inhalation anesthesia, after which the liver and draining axillary 

and popliteal LNs were isolated. The organs were cleaned by removing extra fatty 

tissue and washed in PBS to remove blood that could contribute to auto-fluorescence. 

They were imaged on the In Vivo Imaging System (IVIS, PerkinElmer) using an 

excitation wavelength of 630 nm and an emission wavelength of 650 nm. For the time-

dependent antigen retention study, mice were sacrificed without perfusion at timepoints 

of 1 h, 6 h, 15 h, 24 h, 48 h and 72 h post-injection and draining popliteal LNs were 

isolated and imaged using the same procedure described above. 

LN APC biodistribution 

24 h after s.c. hock injection, mice were sacrificed and draining LNs were isolated. The 

LN capsule was gently poked with 25 G needles. They were digested at 37 0C, first with 

1 mg/mL Collagenase IV and 40 μg/mL DNAse1 for 30 min, followed by 3.3 mg/mL 

Collagenase D and 40 μg/mL DNAse1 in 300 μL of DMEM (Gibco 11966025) 

supplemented with 1.2 mM CaCl2 for 15 min with magnetic stirring. The LNs were gently 

pipetted 100 times using an electronic pipette. An equal volume of ice-cold 10 mM 

EDTA in PBS supplemented with 1% FBS was added to the digestion mixes to quench 

the enzymatic reaction for a final concentration of 5 mM EDTA, followed by pipetting for 

another 100 times. The cell suspensions were filtered through a 70 μM filter to generate 

a single cell suspension which was stained for flow cytometry. Antibodies against the 

following markers were used: CD45, CD31, GP38, CD21/35, B220, CD3, CD11c, 

CD11b, CD8, CD103, CD169, Mertk, CX3CR1, F4/80 and MHCII. 
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Whole mount confocal imaging of LN 

Popliteal lymph nodes were fixed in Zinc (pH= 6.5) at 4 0C for 24 h. The LNs were 

washed with TBS and permeabilized with filtered TBS 1% Triton X-100 5% DMSO (pH= 

7.4) for 12 h at RT to degrade intracellular fat that could interfere with the staining. The 

LNs were washed and gently digested with a mixture of Collagenase IV (1 mg/mL), 

DNAse1 (40 μg/ml) and Collagenase D (3.3 mg/mL) enzymes in 0.5 % casein in TBS 

supplemented with 5 mM CaCl2 for 45 min at room temperature. LNs were incubated 

with unlabeled or biotinylated primary antibodies at 1 μg/mL in 0.5 % casein in TBS 

overnight at 4 0C. 10 μg of DNAse1 was added to the primary antibody mix as an added 

precaution. After thoroughly washing with 0.1% Tween TBS, followed by TBS, the LNs 

were gently dried and stained with secondary labeled or streptavidin conjugated F(ab)2 

at 3.75 μg/mL in 0.5 % casein in TBS overnight at 4 0C. The LNs were thoroughly 

washed, dried, and dehydrated by sequentially washing in 70%, 95% and finally 100% 

ethanol. LNs were gently compressed on a microscopy slide, mounted with 25 mg/mL of 

propylgalate in a 2:1 solution of benzyl benzoate in benzyl alcohol (BABB). The cover 

slip was placed on the LN and edges were sealed using silicone glue. The mounted LNs 

were imaged using an Olympus confocal microscope equipped with CellSense 

software. Images were acquired using four lasers (488 nm, 594 nm, 647 nm and 750 

nm excitation wavelengths) and a confocal stack, and analyzed using Imaris 9.1.2 

software.  

Adoptive transfer of OTI CD8+ and OTII CD4+ T cells 

CD8+ T cells were isolated from the spleen and s.c. LNs (axillary, brachial, inguinal, 

popliteal, cervical) of OTI mice using the EasySep CD8+ isolation kit (Stemcell 19853). 
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Similarly, CD4+ T cells were isolated from the spleen and s.c. LNs of OTII mice using 

the EasySep CD4+ isolation kit (Stemcell 19852). Spleens were first mashed into a 

single cell suspension and lysed with ACK lysis buffer (Gibco A1049201). LNs were 

digested with 1 mg/mL Ca2+ supplemented Collagenase D (Roche 11088866001) for 45 

min at 37 0C and gently mashed into a single cell suspension. Suspensions from the 

LNs and spleen were pooled and subjected to magnetic cell isolation using the kits. The 

OTI and OTII cells were labeled with 1 μM CFSE for 6 min at RT, washed with sterile 

PBS buffer, quantified and resuspended in saline buffer for injection. 5x105 - 1x106 cells 

of each OTI and OTII cells were injected into mice via i.v. tail vein injection. 

Challenge following adoptive transfer and tolerization 

Mice received an inflammatory s.c. challenge of 20 ug EndoFit OVA (InvivoGen vac-

pova) and 50 ng LPS (Sigma) total in all four hocks under isoflurane anesthesia. Mice 

were sacrificed under CO2 inhalation 5 days following challenge. 

Preparation of cell suspensions for flow cytometry analysis 

Draining s.c. LNs (axillary and popliteal) and the spleen were isolated from mice. 

Spleens were first mashed into a single cell suspension with plain DMEM media (Gibco 

11966025), filtered through 70 μM cell strainers, and lysed with ACK lysis buffer (Gibco 

A1049201). LNs were digested with 1 mg/mL Ca2+ supplemented Collagenase D 

(Roche 11088866001) for 45 min at 37 0C and gently mashed into a single cell 

suspension, also with DMEM and through 70 μM cell strainers. The cells were 

resuspended in IMDM media (Gibco 12440053), supplemented with 10% FBS and 1% 

Penicillin-Streptomycin (Gibco 15140122), and counted using a LUNA automated 
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fluorescent cell counter (Logos biosystems). Cells were seeded at a count of 1x106 - 

3x106 per well in 96-well round-bottom plates for subsequent antibody staining for flow 

cytometry.  

Ex vivo antigen-specific restimulation  

LN and spleen single-cell suspensions were seeded at a count of 1x106 - 3x106 per well 

in non-tissue culture treated round-bottom 96-well plates (Celltreat 229590), and 

stimulated ex vivo at 37 0C for 2 h with either OVA257-264 peptide (Genscript) at a final 

concentration of 1 μg/mL, or OVA323-339 peptide (Genscript) at 2 μg/mL, followed by 

Brefeldin A at a final concentration of 5 μg/mL for another 4 h. The cells were then 

washed with PBS before proceeding with cytokine antibody staining for flow cytometry. 

For long-term restimulations, grade V OVA (Sigma A5503) was added to cells at a final 

concentration of 100 μg/mL for 4 days. The culture supernatant was collected and 

frozen for subsequent cytokine ELISA and LegendPlexTM assays. 

In vivo blockade of co-stimulatory molecules 

Mice were administered via i.p. injection 250 μg of either αLag-3 (BioXCell BE0174, 

clone C9B7W), αPD-1 (BioXCell BE0146, clone RMP1-14) or αCTLA-4 (BioXCell 

BE0164, clone 9D9) on days 1, 3, 5, 7, 9 and 11 for a total of 6 injections. 

In vivo macrophage depletion 

For the depletion study in Fig. S5A, mice were treated s.c. in all four hocks with 250 μg 

of αCSF1R or an isotype IgG2a control once only on day 0 and sacrificed on day 7 to 

evaluate macrophage depletion. For the experiment described in Fig. 5A, mice were 
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treated s.c. in all four hocks with 250 μg of αCSF1R (BioXCell BE0213, clone AFS98) or 

an isotype IgG2a control (BioXCell BE0089, clone 2A3) on days 0, 3, 6 and 9. 

Ex vivo DC sorting and priming 

Pooled s.c. LNs (axillary, brachial, inguinal, popliteal, cervical) were isolated from wild-

type mice, and digested into a single-cell suspension as described in the “LN APC 

biodistribution” section above. All reagents were kept sterile and all procedures were 

handled in a biosafety hood when possible. The cell suspension was washed with 

MACS buffer and the following biotinylated antibodies were added at a final 

concentration of 2 μg/mL to deplete specific cell populations: αCD3 (T cells), αCD19 (B 

cells), αB220 (B cells), αGr-1 (neutrophils), and αNK1.1 (NK cells). The cells were 

washed with MACS buffer, resuspended with Dynabeads Biotin Binder (Invitrogen 

11047), and placed in a magnet. The depleted LN suspension was carefully pipetted out 

of the tube and washed with MACS buffer before proceeding with antibody staining for 

FACS. The following antibodies were added at these specified dilutions in FACS buffer: 

Streptavidin – APC-Cy7 (1:400), CD64 – PE-Cy7 (1:100), F4/80 – PE-Cy7 (1:100), 

CD11c – APC (1:200), MHCII – PacBlue (1:800), CD8α – PerCP-Cy5.5 (1:200), CD103 

– PE (1:100), and CD11b – BV510 (1:400). The cells were washed before staining with 

near-IR Live-Dead dye in PBS, and resuspended in MACS buffer for sorting. The cells 

were then sorted into four populations: CD8+ resident (CD11c+MHCIIintCD8+CD11b-, 

denoted as CD8+ rDC1), CD103+ migratory (CD11c+MHCIIhighCD103+CD11b-, denoted 

as CD103+ mDC1), CD11b+ resident (CD11c+ MHCIIintCD8-CD11b+, denoted as 

CD11b+ rDC2) and CD11b+ migratory (CD11c+MHCIIhighCD103-CD11b+, denoted as 

CD11b+ mDC2) (see Fig. S5D for the gating strategy). The sorted cells were collected in 
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sterile RPMI media supplemented with 10% FBS, 1% Penicillin-Streptomycin, 0.1% 

Gentamicin and 50 μM β-mercaptoethanol. The DC populations were counted and 

plated at a number of 2.7 × 104 per well in triplicates in a 96-well round bottom plate. 

Each population was then stimulated in a 1:1 ratio with CFSE-labeled OTI and OTII 

cells in the presence of 2 μM of unmodified OVA or OVA-p(GluNAc) at 37 0C. Three 

days later, the cells were harvested, and the OTI and OTII cells were analyzed for 

proliferation and activation (CD44+). 

Statistical Analysis 

Statistically significant differences between experimental groups were determined using 

Prism software (version 6.07, GraphPad). All n values and statistical analyses are 

stated specifically in the figure legends for all experiments. For most experiments, a 

one-way or two-way ANOVA, followed by Tukey’s or Dunnett’s post-hoc test was used. 

Comparisons were significant if p < 0.05. 
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Chapter 2 

Synthetically glycosylated antigen promotes archiving in lymphatic endothelial 

cells and the generation of central memory CD8+ T cells, that contribute to the 

maintenance of peripheral tolerance. 

Abstract 

This chapter of the thesis is devoted to understanding the interaction of unadjuvanted 

glyco-conjugated antigen with antigen presenting cells (APCs) of the lymph node (LN), 

especially lymphatic endothelial cells (LECs) and dendritic cells (DCs) and its retention 

(archiving) in these cells in the long term at steady-state, and the impact on adaptive T 

cell immunity and implications in vaccination or tolerogenic platforms. 

Keywords: archiving, antigen, unadjuvanted, steady-state, lymphatic endothelial cells, 

dendritic cells, CD8+ T cells, vaccination, tolerance, immunization. 

Introduction 

Vaccines are a revolutionary healthcare and immunological achievement of the 20th 

century. They confer protection to future infections through the induction of robust and 

lasting immunological memory that is specific to a protein of the pathogen (antigen). 

While most protective memory to viral or bacterial infections is humoral (antibody) 

based, there is a lack in eliciting and measuring long-term effective cellular (T cell-

mediated) immunological tolerance which is crucial in the direct elimination of infected 

cells (115)(116)(117).  
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The classical route of activation of a vaccine or any immune reaction to a pathogen 

starts with an inflammatory phase characterized by a massive expansion of antigen-

specific effector T cells, followed by a substantial contraction phase to generate a small 

pool of memory T cells poised to rapidly proliferate into effectors upon re-encounter of 

the pathogen. A combination of signals at the transcriptional, epigenetic and metabolic 

level regulate this effector to memory transition (118)(119)(120). For example, Tbet and 

Eomes are two lineage mapping markers where gradual decrease in T-bet 

accompanied by a higher Eomes expression favors memory precursor generation 

(121)(122)(123). Similarly, loss of KLRG-1 and up-regulation of IL7Rα in effectors is a 

requirement for differentiation into memory lineages (124)(125).  

 

Local interaction networks and quorum sensing are also factors that determine the 

effector to memory balance (126). At the epigenetic level, memory cells have been 

shown to be derived from fate-permissible effectors and naïve T cell-related programs 

are expressed later in their differentiation (127)(128).There is emerging evidence 

suggesting non-classical routes of generating memory cells from naïve T cells through 

asymmetric division upon activation, resulting in the simultaneous existence of effector 

and memory fates (129)(130)(131). Memory T cells share functional and transcriptional 

similarities with naïve T cells in their quiescent and pluripotent phenotype and stem-cell 

like potential, for instance through expression of TCF1 transcription factor (132)(133). 

Furthermore, there are differences (e.g. metabolic demands) in the generation of 

memory T cells from infection or vaccination that we need to be mindful of when 

designing vaccines (134).  
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Memory T cells are a heterogeneous population of cells with plastic fates and diverse 

effector and survival potential (135)(136). Central memory T cells are more naïve-like 

and circulate between blood and secondary lymphoid organs scanning for their cognate 

antigen while effector memory T cells patrol tissues and secondary lymphoid organs. 

Resident memory T cells are specialized tissue-specific sentinels that share programs 

with terminal effectors and can provide rapid defense to local invaders 

(137)(138)(139)(140). Resident memory T cells can also act as bystander defenders, 

acting in an antigen-independent manner, making antigen spreading an important 

protective mechanism (141)(142). Recent evidence shows incredible plasticity among 

all memory subsets; for instance, resident memory T cells can also circulate 

systemically (143). Thus, a greater understanding of the origin of memory is useful for 

designing translational vaccination strategies that can result in their generation and 

maintenance (144)(145)(146).  

 

Maintenance of long-term and durable memory responses is an essential component of 

immunity. For example, IL-7 and IL-15 cytokines have an important role in maintaining 

memory T cell survival and homeostasis (147)(148). Additionally, TCR signal strength 

can also dictate memory fate (149)(150). Duration of antigen availability controls optimal 

vaccination responses and memory differentiation (151)(152). For example, CD4+ T 

cells require longer antigen presence to proliferate (153)(104). 
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The lymphatics constitute an extensive network of lymphatic vessels connecting the 

lymphoid organs and peripheral tissues to the systemic blood circulation and have 

important scavenging roles in draining lymph away from tissues and maintaining healthy 

interstitial fluid pressure. They also act as the structural foundation and gatekeepers to 

the LN where immune responses are orchestrated in the context of immunity or 

tolerance. In addition to drainage, chemo-attraction and barrier function in the LN, the 

lymphatics and lymphatic endothelium have been shown to have essential immune 

modulatory functions (154)(155)(156) in different contexts, whether in steady-state or 

under inflammatory conditions in disease and cancer (157)(158)(159)(160). 

 

Lymphatic endothelial cells (LECs) that line the lymphatics have an essential role in the 

maintenance of peripheral tolerance to peripheral tissue-transcribed antigens as an 

additional mechanism to compensate for potentially autoreactive T cells that escape 

central tolerance through deletion of autoreactive cells or generation of autoantigen-

specific CD4+ regulatory T cells (Tregs) (161)(162)(53)(163). Due to their strategic 

localization along lymphatic vessels and at the entry of LNs, LECs are poised to be 

excellent uptakers of antigen draining from peripheral sites (164)(165). They can not 

only take up antigen but also retain or archive antigen for weeks after exposure 

following viral infection or immunization (166). Tamburini et al showed that this was 

possible only if antigen was taken up in the presence of an inflammatory stimulus such 

as a strong adjuvant. They furthermore showed that this LEC-archived antigen was 

transferred to migratory cross-presenting DCs for subsequent presentation to naïve 

CD8+ T cells, resulting in their proliferation proportional to the archived antigen load 
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(167). However, the Swartz lab has showed that LECs induce tolerance to exogenous 

antigens draining from peripheral sites of immunization, inflammation and tumors, 

through direct antigen presentation to naïve CD8+ T cells (164)(165). This tolerogenic 

antigen presentation is accompanied by the up-regulation of co-inhibitory molecules 

with peptide-loaded MHC molecules, alongside soluble mediators such as IDO and 

iNOS that can directly suppress CD8+ T cells or other APCs from maturing and 

presenting antigen to produce effectors (154)(168). While LECs can express MHCII and 

present antigen to CD4+ T cells (169), they can also acquire peptide-MHCII complexes 

from other professional APCs such as dendritic cells (DCs) to then interact with CD4+ T 

cells (91).  

 

Recent strides in literature shedding light on immune modulatory functions of LECs 

have led to the generation of a wealth of single cell transcriptomic studies that reveal an 

immense heterogeneity among LECs that specialize in scavenging, antigen 

presentation and interactions with macrophages, T or B cells and location-function 

relationships within the LN referred to as niche-specific effects 

(170)(32)(171)(172)(173). These all show the dynamic nature of the stromal 

components of the LN that can quickly adapt to inflammatory changes to accommodate 

antigen drainage, lymphangiogenesis and lymphocyte traffic (174). 

  

Recent work in our lab demonstrates that CD8+ T cells that resist deletion after their 

interaction with LECs differentiate into a central memory, stem-cell like quiescent 
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memory state that can be reactivated upon challenge to protect the host (175). This 

opens up a novel role for LECs responding to exogenous antigen outside an 

inflammatory context to aid in the generation of a memory pool capable of protecting the 

host from antigenic challenges. We can imagine the ability to generate memory T cells 

without going through an effector phase would be an attractive and useful way to 

vaccinate immune-compromised people or patients suffering from autoimmune 

conditions, where inflammation is undesirable. LECs also produce survival and 

homeostatic factors important for naïve and memory T cell survival such as IL-7, IL-15 

and S1P (176)(177)(178). 

 

Another aspect of the location-function relationships of LECs are with respect to the 

uptake and filtering of different antigens from lymph. Upon entry into the subcapsular 

sinus (SCS) space of the LN, soluble antigens and nanoparticles (10-100 nm range 

ideal for lymphatic absorption) are taken up and sequestered by APCs lining and within 

the SCS, including LECs, CD169+ SCS macrophages and some CD11b+ DCs while the 

remaining fraction leave the SCS (73)(179)(30). Lower molecular weight antigens (<70 

kDa) and nanoparticles are channeled to conduits surrounded by fibroblastic reticular 

cells (FRCs) and filtered on floor LECs entering the B cell follicles for direct B cell 

contact or sampling by follicular dendritic cells (FDCs), or alternatively into intranodal 

conduits of the LN for direct uptake by more deeply-located medullary DCs for 

presentation while unsampled antigen is directed into the systemic circulation through 

high endothelial venules (HEV) (180)(181). Heavier antigens (>70 kDa) and larger 

nanoparticles and microparticles are typically captured by immunization site-resident 
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APCs that traffic to the LN following chemokine gradients and can be further shuttled 

across the SCS by SCS macrophages. This migration process can take upwards of a 

few hours but Karahi et al showed that antibodies (~150 kDa) can be transcytosed from 

the sinusoidal to the cortical space within minutes of a subcutaneous injection, 

indicating that more rapid routes of dissemination along lymphatics for bulkier soluble 

particles exist (88). 

The central hypothesis of this chapter is that targeting antigen to LECs at steady-state 

promotes archiving and the generation of central memory that can be protective against 

an infectious challenge. 

Results 

LECs take up differentially glycopolymerized antigen in a receptor-mediated 

fashion but preferentially take up antigen terminated in NAc-Glucosamine 

residues 

Like many other phagocytic cells and APCs, LECs express a variety of scavenger 

receptors or C type lectin receptors that can be used as antigen targets. These 

receptors have been reported to be present on LECs and involved in antigen 

internalization for further downstream processing (180). Many of these receptors have 

transmembrane carbohydrate binding domains that recognize and bind to sugar 
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residues; while each receptor binds to different sugar motifs with different 

 

Fig 7. Recombinantly produced OVA (R-OVA) is taken up to a lower extent compared with 
naturally occurring chicken OVA (C-OVA) by different cell types in vitro. AF488-labeled R-OVA 
and C-OVA were added to cells in culture at 10 μg/mL, and the uptake was measured over time 
at the following timepoints following stimulation: 10 min, 20 min, 30 min and 1 h. (A) AF488 MFI 
(uptake) in primary mouse LECs. (B) AF488 MFI (uptake) in BMDCs. (C) % in vitro induced 
CD103+ dendritic cells (182) that were AF488+. Statistical differences were determined by the 
Mann Whitney t test at the 60 min timepoint (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.005). 

 

affinities, the exact ligands for the receptors are difficult to pinpoint. Our lab has 

observed in the past that LECs are effective at taking up antigen because of the 

inherent glycosylation of the protein. For instance, chicken-derived ovalbumin (OVA) is 

naturally mannosylated, and is readily taken up for that reason. To accurately measure 

the difference in uptake of OVA compared with OVA decorated with synthetic 

glycosylations, we produced OVA recombinantly in e coli, which was devoid of 

glycosylation. In vitro characterization revealed that recombinant OVA was taken up 

less efficiently than regular chicken OVA both by LECs and bone marrow-derived 

dendritic cells (BMDCs) (Fig. 7). All experiments reported in this paper were carried out 

with recombinant OVA.  

A B C 



69 
 

Fig 8. LECs, like other LN APCs, express various antigen uptake receptors. 
Heatmap showing the comparative expression of different classes of 
carbohydrate-binding and scavenger receptors on LECs, CD169+ 
macrophages, CD8+ DC1s, CD11b+ DC2s and plasmacytoid DCs in the s.c. 
LNs of wild-type male C57BL/6 mice. Data analyzed from the immgen 
database (http://www.immgen.org/). 

 

Uptake of synthetically glycosylated antigen by APCs is mediated 

through the carbohydrate binding domain of various C type lectin and 

scavenger receptors and can be inhibited by the addition of free 

sugars in media (24). We analyzed the immgen database 

(http://www.immgen.org/) for the expression of several scavenger and 

lectin receptors involved in the uptake of carbohydrates, including 

GluNAc-terminated residues, among APCs targeted by OVA-

p(GluNAc) (Fig. 8). We found that they were broadly expressed, but to different extents 

on these cell types, including LECs, CD169+ macrophages and three DC subsets (CD8+ 

DC1, CD11b+ DC2, plasmacytoid DC). We identified Asgr1 and 2 to be only minor players 

in LN APCs compared to hepatic APCs (38). Clec4g (LSECtin) was found to be highly 

expressed exclusively on LECs, justifying their high uptake of OVA-p(GluNAc) and their 

similarity in scavenging profile to liver sinusoidal endothelial cells (23, 39). Other 

receptors found highly expressed by the hematopoietic APCs were DEC-205 (Ly75), 

commonly used as an antigen target for the induction of tolerance (14, 40) and Clec9a, 

primarily used as apoptotic scavenger receptor by cross-presenting DCs (41). LECs and 

macrophages share MARCO expression that has been used for antigen targeting in 

tolerance induction (22, 42). The mannose receptor (Mrc1), which can promiscuously bind 

GluNAc-glycosylated antigen, was also highly expressed on LECs (43). This analysis also 

revealed shared receptors between LECs and macrophages, which reflects their synergy 
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in scavenging in the LN subcapsular sinus, similar to the parallels between sinusoidal 

endothelial cells and Kupffer cells in the liver (44). Thus, by virtue of size, retention, 

expression of C-type lectin and scavenger receptors, synthetically glycosylated antigen 

is ideally poised for uptake by LN APCs to orchestrate downstream immune responses. 

 

We thus modified OVA with sugar residues that are known to bind to various scavenger 

receptors expressed by LECs (Fig. 8) (180). We developed glyco-polymers composed 

of random co-polymers of monomers bearing either β-linked NAc-Glucosamine 

(p(GluNAc)), or β-linked NAc-galactosamine (p(Gal)), or mannose (p(Man)) (Fig. 9A). 

These polymer backbones were conjugated to antigen using free amine chemistry with 

high yield. The antigen was tethered to the rest of the polymer via a reduction-sensitive 

self-immolative linkage that can be cleaved in the reductive environment of the 

endosome, releasing the intact antigen for archiving or further processing- we verified 

that that was the case by running gel electrophoresis on the antigen-polymer conjugates 

under reducing and non-reducing conditions. The purified conjugates can be detected at 

a molecular weight range of 70-150 kDa, which is decreased to the original molecular 

weight of OVA of 43 kDa following reduction (Fig. 9B). Since the glyco-polymers 

increase the overall size of the antigen complex by 30-90 kDa which is known to impact 

uptake, drainage and biodistribution kinetics in vivo, we also synthesized a non-receptor 

targeting antigen-polymer conjugate with PEG-20k, which does not undergo a size 

change after reduction due to the lack of the self-immolative linker (Fig. 9B). All 

constructs were tested for the absence of endotoxin via a colorimetric HEK-TLR4 assay 

before they were used in all studies. The OVA content in each polymer conjugate was 
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determined by reducing and boiling the conjugate and running it on an SDS-page gel 

alongside standard OVA samples of known concentration, and interpolating 

concentration from gel band intensity.  

We first characterized the uptake behavior of our OVA-polymer conjugate in vitro using 

freshly isolated mouse lymph-node LECs that were expanded in culture for 4 days 

(using an established protocol in our lab). To mimic the competitive setting of the 

draining LN where there are antigen uptakers other than LECs, we set up LECs in co-

culture with BMDCs for comparison and evaluated the uptake of fluorescently-labeled 

OVA (OVA-647) alone or in conjugation with our polymers (OVA647-p((GluNAc)), OVA647-

p(Gal), OVA647-p(Man)) at a dose of 2.5 μg/mL at a short competitive timepoint of 2 h or 

longer homeostatic timepoint of 24 h following stimulation in vitro. Uptake was 

measured as the amount of cell-associated OVA647 by flow cytometry and reported as 

mean fluorescence intensity (MFI) of OVA647 in LECs or BMDCs. The ratio of the 

corrected MFI (measured MFI- unstimulated control MFI) in LECs to BMDCs was 

calculated to determine the selectivity of each polymer conjugate for uptake by LECs 

over BMDCs. We found that while LECs were effective at taking up all forms of antigen, 

they were most effective at competitively capturing OVA647-p((GluNAc)) conjugates over 

BMDCs after 2 h, suggesting that (GluNAc) terminated residues are better at targeting 

scavenger receptors expressed on LECs over DCs (Fig. 9C, D). There was no 

difference across groups, including unmodified OVA, after a longer stimulation of 24 h, 

suggesting equilibration in uptake had occurred, and was therefore too late of a 

timepoint to evaluate differences in uptake (Fig. 9D).  
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To make sure that the preferential uptake of OVA647-p(GluNAc) by LECs at 2 h was 

receptor-mediated and not a result of passive uptake or reduced uptake by BMDCs in 

co-culture, we conducted competitive receptor-inhibition experiments in vitro. We 

incubated LECs or BMDCs with a high concentration (100 μM) of the free sugar 

monomers (GluNAc, GalNAc or mannose) or an irrelevant sugar (L-rhamnose) for 30 

min before treating them with the fluorescent conjugates for another hour, and 

measured the amount of cell-associated OVA647. The uptake of all three conjugates by 

LECs was abrogated when they were pre-treated with the free sugars, while the uptake 

of only OVA647-p(Man) was inhibited for DCs, indicating that LECs expressed receptors 

to efficiently take up antigen terminated in all GluNAc, GalNAc or mannose residues 

while DCs were more equipped at taking up mannosylated antigen (Fig. 9E). On the 

contrary, L-rhamnose had no significant effect on the MFI of LECs treated with OVA647-

p(GluNAc) or OVA647-p(Gal), showing that the uptake of these conjugates by LECs is 

receptor-mediated. Similarly, for DCs, L-rhamnose had no effect on the MFI when 

treated with OVA647-p(Man), suggesting that the uptake of the mannosylated antigen 

occurs through specific recognition of the mannose residues by scavenger receptors on 

the DCs (Fig. 9E). Together, these suggested that the increase in OVA-p(GluNAc) 

uptake by LECs was most likely because LECs are more effective than DCs at taking 

up GluNAc-terminated antigen. These data suggested that OVA-p(GluNAc) could be 

used to selectively target LECs over DCs. 
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Fig 9. LECs preferentially take up p(GluNAC) conjugated antigen in vitro; uptake is receptor-
mediated. (A) Structure of antigen chemically conjugated to three glycopolymers (p(GluNAc), 
p(Man), p(Gal)) via a reduction-sensitive reversible linkage, and of a size control consisting of 
antigen chemically and non-reversibly tethered to PEG (20k) polymer. (B) SDS-page gel showing 
OVA, non-reduced OVA-p(GluNAc), reduced OVA-p(GluNAc), non-reduced OVA-p(Gal), 
reduced OVA-p(Gal), non-reduced OVA-PEG and reduced OVA-PEG in that order. (C) LECs or 
BMDCs were stimulated in vitro with 2.5 μg/mL of AF647-labeled OVA, OVA-p(GluNAc), OVA-
p(Gal) or OVA-p(Man) for 24 h, and histograms describing the MFI of the conjugated dye (uptake) 
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Fig 9. LECs preferentially take up p(GluNAC) conjugated antigen in vitro; uptake is receptor-
mediated (continued) are shown for LECs (left) and BMDCs (right), acquired using flow cytometry. 
The cells were stimulated either on their own or in co-culture with each other, and the latter is 
indicated as +BMDC and +LEC on the histograms. (D) Calculated ratio of uptake in LECs to 
BMDCs at timepoints of 2 h and 24 h. (E) (Top) Experimental timeline of the in vitro receptor-
blocking experiment. LECs or BMDCs were incubated with 100 μM of free sugars GluNAc, 
GalNAc or mannose) or an irrelevant sugar (L-rhamnose), followed by addition of the 647-abeled 
glycopolymerized antigen at 2.5 μg/mL for another hour. (Bottom) Uptake by LECs (left) and 
BMDCs (right), measured by flow cytometry, is shown. Statistical differences were determined by 
one-way ANOVA using Tukey’s post hoc test (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.005). 

 

 

Fig 10. Characterization of synthesized OVA-PEG(20k) conjugates. (A) SDS-page gel showing 
synthesized OVA647-PEG(20k) under non-reducing and reducing conditions. (B) OVA647-PEG(20k) 
fractions 1-10 following size exclusion chromatography. (C) % OVA647

+ LECs (left) and MFI of 
OVA647

+ LECs (right) in LNs of mice 24 h following subcutaneous immunization with OVA647 or 
OVA647-PEG. Statistical differences were determined by student t test (*p ≤ 0.05, **p ≤ 0.01). 

 

Antigen-p(GluNAc) conjugate slightly promotes archiving in LECs in vivo at 

steady-state, comparable to archiving levels observed under inflammatory 

conditions 

Next, we determined whether OVA-p(GluNAc) could target LECs in vivo. We have 

previously showed that LECs are effective at capturing OVA administered as soluble 

protein exogenously or expressed in the B16 melanoma tumor, but we have never 

measured the ability of LECs to archive the antigen over time delivered in its native form 

or across our different polymeric delivery platforms. Following s.c. injection in the hocks, 

we evaluated the uptake of antigen in LECs at a short-term timepoint of 24 h, and 

retention of antigen in LECs at a longer timepoint of 2 weeks, in the draining axillary and 



75 
 

popliteal LNs (Fig. 11A). We included all glycopolymerized antigen groups in this 

biodistribution experiment to provide non-LEC selective but receptor-mediated controls 

(p(Gal) and p(Man)). We immunized mice with OVA647-PEG (size control), our polymer 

conjugates at steady-state (no adjuvant) or with the combined adjuvant of αCD40 and 

poly(I:C) as positive control shown previously to lead to antigen archiving in LECs (Fig. 

11A). The choice of the LNs to analyze was educated by a previous experiment we did 

to compare antigen drainage and accumulation after hock injection. We found that OVA 

was detected to significantly higher levels in the direct draining LNs (pooled axillary and 

popliteal) compared with downstream LNs (pooled brachial and inguinal) (Fig. 11B). We 

compared LECs with the following APC subsets that can also take up antigen in the 

draining LN- blood endothelial cells (BEC; CD31+gp38-), fibroblast reticular cells (FRC; 

CD31-gp38+CD21/35-), follicular dendritic cells (FDC; CD31-gp38+CD21/35+), dendritic 

cells (DC; CD11c+), and macrophages (MAC; F4/80+). We visualized antigen uptakers 

and archivers in two ways, either as % OVA+, i.e., fraction of each APC subset that 

were OVA+, and OVA+ cell count, i.e., absolute number of cells that were OVA+ within 

each APC subset. 24 h post-immunization, LECs had the highest % OVA+ but there was 

no difference across groups at steady-state or compared with the positive control- 30-

60% LECs were OVA+ across the five immunization groups (Fig. 11C). This high % 

uptaker fraction among LECs is what we usually observe since LECs are strategically 

located to take up antigen draining from peripheral sites. We however did not observe 

higher uptake of OVA-p(GluNAc) by LECs as we had seen in vitro. Zooming in on the 

other APC subsets, we noted no difference in uptake in FRCs and DCs, but FDCs and 

macrophages had taken up OVA-p(GluNAc) to significantly higher levels compared to 
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OVA-PEG (Fig. 11D). The higher uptake superiority of LECs is however minimized 

when absolute OVA+ cell counts are considered- even at a low % OVA+, OVA+ 

macrophages and DCs were more abundantly present in the antigen uptaker pool, with 

up to a 60-fold difference with the number of OVA+ LECs, making the contribution of 

LEC antigen presentation to total presentation small (Fig. 11C). Two weeks post-

immunization, LECs were still the major antigen archivers, i.e., there was a highest 

fraction of LECs that were OVA+ and thus had retained antigen. There were upwards of 

7-20% of LECs that were OVA+ in the OVA-PEG and OVA-p(GluNAc) groups and within 

these two groups, LECs archived antigen at a significantly higher % compared with 

BECs, FRCs, DCs and MACs (Fig. 11E). Among the stromal cell populations, LECs 

retained most antigen at steady-state within the OVA-PEG and OVA-p(GluNAc) groups 

(Fig. 11E). The only other stromal cell type that retained a substantial amount of OVA 

(13%) was FDCs but only when immunized with an adjuvant which is consistent with 

what is reported in literature on the role of FDCs in retaining antigen complexes in the 

LN germinal center over weeks for gradual presentation to B cells for hyper affinity 

maturation (Fig. 11E). Less than 2% DCs and MACs were OVA+ two weeks post-

immunization, without exhibiting any differences across groups (Fig. 11E). However, 

when again considering OVA+ counts, LECs fall behind as they compete with DCs as 

archivers (Fig. 11E). This is not consistent with what is reported in literature- LECs have 

been shown to be the major archiver both in terms of % positive and total positive 

counts, and this is not what we observe in our hands. LECs are easily outnumbered at a 

short or long timepoint and other APCs are also able to archive antigen, at a lower % 

positive but higher cell count comparable to LECs (Fig. 11F). Higher antigen retention in 
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LECs with OVA-p(GluNAc) was not observed when we plotted OVA+ LECs as a % of 

LECs but only when we expressed the OVA+ LECs as a % of a larger population such 

as the total live population which is an artefact when gating on generally smaller 

populations such as LECs (Fig. 11G). At steady-state, LECs only in OVA-p(GluNAc) 

immunized mice archived significantly more antigen compared to the non-targeting size 

control or the other receptor-targeting OVA-p(Man) or OVA-p(Gal) constructs; the 

number of OVA+ LEC was comparable to the positive control (Fig. 11F, G). The 

scavenger receptors that bind to (GluNAc) residues must be responsible for archiving 

performance but they are not a direct explanation since we did not observe a difference 

in LEC uptake across groups 24 h after injection, indicating that the accumulation of 

p(GluNAc) shuttled antigen inside LEC endosomes only occurs and can be detected 

over time. This was in contrast to our in vitro uptake assays that showed higher LEC 

targeting with OVA-p(GluNAc) in the short-term (Fig. 9), demonstrating that lymphatic 

flow and filtering of the glycoconjugate nanoparticles in the LN are important factors to 

consider when targeting antigen to LECs in vivo. After these experiments, we can claim 

that OVA-p(GluNAc) slightly improves antigen archiving in LECs under non-

inflammatory conditions but there is a LEC expansion effect (only detected when plotted 

as % live) that we still cannot account for. Also, this effect is most likely diluted by the 

presence of other antigen archivers at steady-state, shedding some doubt on the role of 

LECs in retaining total antigen inside the LN over time. 
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Fig 11. LECs archive antigen-p(GluNAc) to a slightly higher extent compared to other LN APCs 
at steady-state, comparable to the adjuvanted control. (A) Experimental timeline to evaluate 
antigen biodistribution in dLNs 1 or 11 days following immunization (6 groups) via flow cytometry. 
(B) % OVA+ LECs in draining (axillary and popliteal) and downstream (brachial and inguinal) LNs 
24 h post-immunization. (C) % OVA+ LN APCs (left) and OVA+ APC cell numbers (right) 24 h 
post-immunization. (D) Breakdown of % OVA+ APC subsets 24 h post-immunization in LECs, 
FRCs, DCs, FDCs and macrophages in this order. (E) % OVA+ LN APCs (left) and OVA+ APC 
cell numbers (right) 11 days post-immunization (archivers). (F) OVA+ numbers of indicated APC 
subsets in dLNs at 11 days. (G) % OVA+ LECs of total live cells in dLNs. Statistical differences 
were determined by one-way ANOVA using Tukey’s post hoc test (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 
0.005). 

 

The amount of antigen archived in LECs can be enhanced by boosting with 

antigen co-delivered with an adjuvant 

While antigen archiving in LECs has been characterized in the context of a single bolus 

injection, it is unknow how an antigen boost (such as in the context of vaccination) can 

alter the archiving landscape in LECs. We immunized mice with AF647-labeled OVA, 

with or without the combined adjuvant, or saline in the hocks, and boosted them one 
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week later with AF488-labeled OVA with or without adjuvant or saline only and 

evaluated the archiving and proliferation response in LECs another week later (Fig. 

12A). First, we confirmed that LECs remained the major antigen archiver in the dLNs 

from the highest percent of OVA647
+ cells compared to FRCs, DCs or macrophages 

(Fig. 12B). Interestingly, we found that the ability of LECs to retain the first injected 

(OVA647) did not change in the presence or absence of an adjuvant, contrary to what is 

presented in literature (Fig. 12B). However, the response to the second wave of antigen 

was substantially different. We found that in this case, having an adjuvant co-delivered 

with the antigen boost significantly helped LECs take up and subsequently retain the 

second antigen (Fig. 12C, D, E). While the uptake of the boosted antigen was not as 

high as the first, which could be explained by LN inflammation dynamics that tend to 

favor a response to the antigen first encountered, having an adjuvant in the second 

immunization increased the uptake of the second antigen (Fig. 12C, D, E). This further 

antigen uptake can be partially explained by LECs being in a higher proliferative state 

and hence, present in larger numbers when an adjuvant is co-administered with 

antigen, especially when the mice are seeing adjuvant for the first time (Fig. 12F). Thus, 

we determined that an antigen boost can increase antigen archived by LECs, that can 

be made more responsive to further retention by co-delivering antigen with an adjuvant. 
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Fig 12. LECs archive more antigen when co-delivered with an adjuvant, in a prime-boost setting. 
(A) Experimental set-up, showing immunization with OVA647 at day 0, followed by a boost with 
OVA488 at day 7, either with or without adjuvant. (B) % OVA647

+ APC subset at day 14. (C) 
Representative flow cytometry plots showing uptake of OVA647 and OVA488 by LECs at day 14. 
(D) Distribution of LECs that are OVA- and OVA+ in dLNs. (E) % LECs that are OVA488

+ only or 
double OVA647

+OVA488
+ at day 14. (F) % LECs that are Ki67+ (proliferating) in dLNs. Statistical 

differences were determined by one-way ANOVA using Tukey’s post hoc test (*p ≤ 0.05, **p ≤ 
0.01, ***p ≤ 0.005). 

 

Antigen is not retained at the site of subcutaneous injection but rapidly 

accumulates in the draining LNs 

We and others showed that antigen is archived in LECs and other APCs in the LNs 

(166). A possibility that has, however, not been investigated is that antigen is retained at 

the site of injection and passively drains to the dLNs or is actively captured and 

transported by site-resident APCs that then migrate to the dLNs with the antigen. LECs 

in skin lymphatics also do not express scavenger receptors like LN-LECs that have 
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specialized immune modulatory roles (39). In order to prove that antigen archiving is a 

property unique to LN lymphatics and not of lymphatics at the site of s.c. injection in 

skin, we conducted an experiment where we utilized live intravital imaging of the ear 

dermis developed in our lab as a model and technique to monitor the amount of antigen 

draining from the site of injection into dLNs.  

One to two days prior to injection, any hair present was removed from the ear of the WT 

C57BL/6 mice using depilatory cream and the mice were given time for any ear thereby 

caused inflammation to resolve. The mouse was anesthetized under inhalation 

isoflurane and a Hamiltonian syringe was used to inject saline or OVA647 in a small 

volume of 2 μL into the ear dermis and the ear was immobilized on a wooden block 

using tape and imaged through using the stereomicroscope (Fig. 13A). The ear was 

imaged on days 0, 9 and 13 near the site of the i.d. injection and we observed that the 

OVA647 fluorescence rapidly decayed within the first week until it was undetectable two 

weeks post-injection (Fig. 13B). We sacrificed the mouse at day 13 and evaluated 

antigen retention in APC subsets in the draining cervical LNs and in the skin at the site 

of injection using flow cytometry. We assessed the ability of APCs in the cervical LNs to 

retain antigen two weeks post-injection: we focused on conventional DCs (CD11c+ 

MHCIIhigh CD11b- and CD11c+ MHCIIint CD11b-), migratory DCs (CD11c+CD11b-

MHCIIhighCD103+) and DC2s (CD11c+CD11b+) (Fig. 13C). Low % of DCs were OVA647
+ 

in the LNs, with highest amount of OVA647 retained by ~2 % of DC2s, consistent with 

their role in the capture of soluble antigen (Fig. 13D). We also assessed the extent to 

which antigen was archived in APCs at the site of injection in the ear dermis by flow 

cytometry that provides a more sensitive measurement compared with the 
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stereomicroscope. We looked at archivers in skin stromal cells and DCs with high or low 

langerin (CD207) expression (Fig. 13E). No antigen could be detected in any of the DC 

subsets (Fig. 13F). However, we could detect upwards of ~10 % LECs that retained 

OVA647 in the LNs compared to the skin (Fig. 13G). This was in contrast with the other 

stromal cell type, FRCs, that failed to retain antigen in LNs but were rather associated 

with antigen at the site of injection in skin (Fig. 13H). Thus, we were able to show that 

antigen was only successfully archived in LN-LECs as a result of rapid drainage from 

the site of injection. 
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Fig 13. Antigen is not retained at the site of subcutaneous injection but rapidly drains to and 

accumulates in the draining LNs. (A) Experimental set-up and timeline for ear dermis injection 

and in vivo fluorescence imaging using the stereomicroscope. (B) (Left) Stereomicroscope 

images of the ear dermis around the site of injection taken at days 0, 9 and 13 post-injection, at 

the same red laser exposure, brightness and contrast settings. (Right) Quantification of the AF647 

fluorescence taken of the ROI drawn around the site of injection at the different imaging timepoints. 

(C) Gating strategy of hematopoietic APCs in the draining cervical LNs. (D) % indicated APC 

subset that are OVA647
+ in the draining cervical dLNs. (E) Gating strategy of APCs at the site of 

immunization in the skin. (F) % indicated APC subset that are OVA647
+ in skin. (G) % LECs (left) 

and FRCs (right) that are OVA647
+ in draining cervical LNs or skin at the site of injection. 
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We repeated this above experiment where we assessed antigen archiving in the ear 

dermis but this time in Prox1-Tom mice that express the tdTomato gene under the 

control of the Prox1 promoter, restricting fluorescent expression in LECs (183). We 

injected these transgenic mice with OVA647, OVA647-p(GluNAc) or OVA647 with PIC 

using the technique described above, and monitored the ear fluorescence over the 

course of a few days. We observed that OVA was not retained in any of the groups from 

the drastic loss in fluorescence only three days following the i.d. injection, confirming 

that antigen is not archived at the site of injection in the skin irrespective of whether it is 

injected at steady state or with an inflammatory signal or when glyco-conjugated (Fig. 

14). 

 

Fig 14. Antigen-p(GluNAc) is not retained at the site of subcutaneous injection. Prox1-Tom mice 
were injected in the ear dermis with OVA647, OVA647-p(GluNAc) or OVA647 with adjuvant and the 
ear dermis around the site of injection was imaged at days 0 and 3 post-injection using in vivo 
fluorescence microscopy. Lymphatics are shown in red, and antigen is shown in cyan. 
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Antigen-specific CD8+ T cells respond to archived antigen delivered via 

p(GluNAc) conjugation by down-regulating proliferation and type 1 cytokine 

production 

We know that antigen-specific CD8+ T cells adoptively transferred into mice in which 

antigen has been archived are able to proliferate, and the proliferation intensity is 

directly proportional to the amount of antigen archived in LECs. The amount of antigen 

archived has been enhanced in literature by delivering antigen using a combined 

adjuvant of PIC and agonistic CD40 antibody, but we describe a novel way of 

enhancing antigen archived in LECs at steady-state by delivering antigen 

glycopolymerized with p(GluNAc). Thus, we wanted to test the effect of archived 

antigen-p(GluNAc) on antigen-specific CD8+ T cells. We set up an OVA transgenic 

model where we immunized mice with OVA as unmodified antigen control, OVA-

p(GluNAc), OVA-p(Gal) as glycopolymerized antigen control that does not promote 

archiving, OVA with the combined adjuvant as positive control, and saline as the 

negative control, and adoptively transferred CFSE-labeled OTI and OTII cells two 

weeks post-immunization, and sacrificed the mice three days later. Because of the 

uncertainty of detecting any proliferation in the absence of an adjuvant, we also treated 

the mice with daily i.p. injections of FTY inhibitor starting on the day of adoptive transfer 

until sacrifice, to trap the T cells in the dLNs and increase the contact time of the T cells 

with archived antigen-bearing APCs (Fig. 15A). To our surprise, OTI cells massively 

proliferated in mice treated with unadjuvanted OVA, and the proliferation was not 

significantly different from the positive control with adjuvant (Fig. 15B). OTII cells barely 

proliferated under all conditions (Fig. 15B, D). OTI proliferated the least in mice treated 
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with OVA-p(GluNAc), suggesting an immune-suppressive effect (Fig. 15B, C). We did 

not think that the OTI proliferated less because OVA delivered with p(GluNAc) was less 

available for presentation or the antigen was diverted away from the MHCI loading 

pathway, because OVA-p(GluNAc)-treated LECs resulted in OTI proliferation in vitro. 

This decrease in proliferation observed with OVA-p(GluNAc) archiving was also 

detected in the downstream LNs of mice, though not to the same extent as in the 

draining LNs, educating our choice for only isolating the immediate dLNs for future 

immunological analysis (Fig. 15E). We noted a similar effect on the OTI with OVA-

p(Gal) but the differences with respect to OVA or the positive control were not as 

striking (Fig. 9B-D). Very few OTI cells were harvested from the spleen because of 

dosing with the FTY inhibitor (Fig. 15E). We also evaluated cytokine production by OTI 

cells upon restimulation with H2kb cognate peptide OVA257-264 and found that OTI cells 

educated by OVA-p(GluNAc) secreted significantly less IFNγ and IL-2 cytokines 

compared with the positive control (Fig. 15F, G). These results demonstrated that the 

ability of CD8+ T cells to proliferate produce inflammatory cytokines was highly 

regulated by presentation of antigen conjugated to p(GluNAc). 
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Fig 15. Antigen-specific CD8+ T cells respond to archived antigen- p(GluNAc) by down-regulating 
proliferation and type 1 cytokine production. (A) Experimental timeline to assess the phenotype 
of CD45.1+ OTI CD8+ and OTII CD4+ T cells adoptively transferred into mice that have archived 
antigen injected s.c. in all hocks under the indicated conditions. All mice received an equal dose 
of 20 μg OVA. αCD40 was used at 4 μg and poly(I:C) at 4 μg in the positive control. Mice were 
also treated with daily i.p. injections of FTY720 to block T cell egress from LNs from days 11-14. 
(B) CFSE-dilution proliferation trace of OTI and OTII cells from all groups at day 14; numbers 
represent the proliferation index in each group. (C) Proliferation index of OTI cells in dLNs. (D) 
Proliferation index of OTI and OTII cells in dLNs. (E) Proliferation index of OTI cells from draining 
LNs (axillary and popliteal), downstream LNs (brachial and inguinal) and the spleen. (F) LN OTI 
CD8+ T cells that secreted IFNγ and IL-2 upon restimulation with OVA257-264 peptide. (G) 
Representative flow cytometry plots showing cytokine secretion by OTI CD8+ T cells. Statistical 
differences were determined by one-way ANOVA using Tukey’s post hoc test (*p ≤ 0.05, **p ≤ 
0.01, ***p ≤ 0.005). 
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Antigen-specific CD8+ T cells responding to archived antigen delivered via 

p(GluNAc) conjugation adopt a central memory phenotype but demonstrate a 

lower ability to differentiate into longer-lived memory 

Glyco-conjugated antigen archived in mice impose a suppressive program on antigen 

specific CD8+ T cells, but the effect on effector and memory markers was still unknown. 

These OTI CD8+ T cells preferentially differentiated into central memory cells, 

characterized by a higher fraction of CD44+CD62L+ cells than effectors (CD44+CD62L-), 

compared with the positive adjuvanted control (Fig. 16A-C). It was important to note 

that while most OTI cells were antigen-experienced from their high CD44 expression, 

there was a substantial fraction of OTI cells that remained naïve in the OVA-p(GluNAc) 

group, indicating that there were regulatory mechanisms at play to inhibit initial TCR 

stimulation. The higher central memory phenotype generated was also visualized by the 

steady increase in this population over the generations, compared with OVA only or 

adjuvanted OVA where we saw the proportion of effectors increase with the divisions 

(Fig. 16D). This rise in central memory with p(GluNAc) archiving was further confirmed 

by assessing the expression of transcription factors known to regulate effector vs 

memory differentiation. Two such markers are T-bet (upregulated by effectors) and 

Eomes (upregulated by memory). OTI cells in mice treated with OVA-p(GluNAc) 

significantly upregulated Eomes compared to T-bet, indicating more memory (Fig. 16E). 

However, these OTI cells consisted of fewer long-lived memory precursor cells 

characterized by a failure to upregulate IL7Rα (CD127) relative to KLRG-1, and the ratio 

of these precursors to short-lived effector cells (IL7Rα-KLRG-1+) was significantly lower 

compared to the positive control (Fig. 16F). These data indicated that even if archived 
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antigen-p(GluNAc) gave a higher memory signature, that memory pool might not be 

long-lived or functionally active. 

 

Fig 16. Antigen-specific CD8+ T cells responding to archived antigen delivered via p(GluNAc) 
conjugation adopt a central memory phenotype but demonstrate a lower ability to differentiate into 
longer-lived memory. (A) Experimental timeline shown in the previous figure. (B) Representative 
flow cytometry plots showing CD44 and CD62L expression on OTI cells from all four groups. (C) 
Quantified ratio of central memory (CD44+CD62L+) to effector (CD44+CD62L-) OTI cells in dLNs. 
(D) Evolution of central memory, effector and naïve (CD44-CD62L+) OTI CD8+ T cells over the 
generations, expressed as % of OTI in dLNs. (E) Ratio of MFI of Eomes to Tbet on OTI CD8+ T 
cells that have proliferated (CFSE-diluted). (F) Ratio of OTI CD8+ T cells that are memory 
precursors (CD127+KLRG1-) to short-lived effectors (CD127-KLRG1+), expressed as % OTI CD8+ 
T cells in dLNs. Statistical differences were determined by one-way ANOVA using Tukey’s post 
hoc test (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.005). 
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Archived glyco-conjugated antigen preferentially expands higher avidity CD8+ T 

cells in the LN, imprinting a suppressive program onto them 

Naïve T cells respond differently to antigen bound MHC depending on the strength and 

avidity of the TCR-MHC interaction. Higher avidity interactions to exogenous antigen 

tend to result in an effector program whereas lower affinity interactions with self-antigen 

usually result in the maintenance of peripheral tolerance. In order to investigate whether 

the TCR avidity has an effect on how naïve CD8+ T cells respond to archived antigen-

p(GluNAc), we immunized mice with either unmodified OVA, OVA-p(GluNAc), OVA-

p(Gal), OVA with the combined adjuvant or saline and adoptively transferred an equal 

number of OTI and OT3 cells 11 days post-immunization (Fig. 17A). OVA-transgenic 

OT3 cells recognize the same MHCI bound SIINFEKL epitope on OVA as OTI cells do, 

but with much lower avidity since they were isolated from the periphery of mice in a type 

1 diabetes model with OVA expressed under the RIP promoter. Since both the OTI and 

OT3 were on the same CD45.1+ congenic background, they were labeled with different 

fluorescent dyes to distinguish them from one another- OTI cells were VPD-labeled and 

OT3 cells were CFSE-labeled (Fig. 17A). While OTI were recovered in significantly less 

numbers in the OVA-p(GluNAc) and OVA-p(Gal) groups compared with OVA only or 

adjuvanted OVA, OT3 cells failed to proliferate in the dLNs, staying at constant low 

numbers (Fig. 17B). Overall fewer OVA-specific T cells were recovered from the spleen 

of mice, but while the trend with OTI was consistent with lowest numbers detected in the 

OVA-p(GluNAc) and OVA-p(Gal) groups, higher numbers of OT3 were detected in all 

conditions expect for the adjuvanted group (Fig. 17C). The OT3 cells thus detected 

were most likely not the product of proliferation but circulation at steady-state because 
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similar numbers were present across all conditions (Fig. 17C). Thus, the presence of an 

equal number of higher-avidity CD8+ T cells in the secondary lymphoid organs inhibited 

the proliferation of the lower avidity cells most likely by forming longer synapses with 

SIINFEKL-bound MHCI presented by the same APC set. Interestingly though, OT3 had 

a higher residence time in the spleen compared to the LN under all conditions that 

involved immunizing without an adjuvant (Fig. 17D, E). Better insight into the phenotype 

of OT3 cells could be gained in a competition-free setting by adoptively transferring only 

OT3 cells. Consistent with prior results, OTI proliferation was lowest in the OVA-

p(GluNAc) group (Fig. 17F) and was accompanied by lowest IFNγ secretion (Fig. 17G). 

 

Fig 17. Archived glyco-conjugated antigen preferentially expands higher avidity CD8+ T cells in 
the LN, imprinting a suppressive program onto them. (A) Experimental timeline for assessing the 
response of antigen-specific high avidity CD8+ T cells (CD45.1+ VPD-labeled OTI) or low avidity 
(CD45.1+ CFSE-labeled OT3) to archived antigen. (B) OTI and OT3 recovered from the dLNs at 
day 14. (C) OTI and OT3 recovered from the spleen at day 14. (D) Ratio of numbers of OT3 to 
OTI in the dLNs at day 14. (E) Ratio of numbers of OT3 to OTI in the spleen at day 14. (F) 
Proliferation index of OTI in dLNs and spleen. (G) OTI that generated IFNγ in the dLNs and spleen 
upon restimulation with OVA257-264. Statistical differences were determined by one-way ANOVA 
using Tukey’s post hoc test (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.005). 
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Antigen-p(GluNAc) co-delivered and archived with an adjuvant enhances the 

proliferation of naïve CD8+ T cells and differentiation into effectors and central 

memory, while retaining the skewed central memory signature 

Next, we asked whether the reduction in activation and memory phenotype of antigen-

specific CD8+ T cells could be restored if the antigen was delivered and archiving was 

established with an adjuvant. We immunized mice with OVA-p(GluNAc), in the presence 

of absence of a poly(I:C) adjuvant (PIC). We picked PIC as our adjuvant, because of the 

extensive characterization done both in vitro and in vivo with this adjuvant in the context 

of a vaccine with antigen-p(GluNAc), and because PIC is an agonist of TLR3, which is 

highly expressed on LECs and other APCs in the dLNs. We adoptively transferred 

CFSE-labeled OTI and OTII T cells two weeks post-immunization and assessed 

differences in the phenotype of the T cells (Fig. 18A). First, we evaluated whether co-

delivering OVA-p(GluNAc) with PIC had an impact on archiving in LECs- it did not and 

the percent of OVA+ cells (Fig. 18B), absolute numbers of OVA+ cells (Fig. 18C) and 

MFI of OVA+ cells (Fig. 18D) were unchanged. Co-delivery with PIC, however, 

significantly increased the total number of LN-resident cross-presenting CD8+ DCs that 

retained antigen two weeks post-immunization compared to LECs (Fig. 18E). Addition 

of PIC also significantly increased the proliferation of OTI (Fig. 18F) and OTII (Fig. 18G) 

T cells. The improvement in proliferation was accompanied by an expansion of cells 

with an effector and central memory phenotype in both the OTI and the OTII 

compartment, though there was no improvement in the ratio of central memory to 

effectors (Fig. 18H-L). We also observed a significant increase in the number of T-bet+ 

and Eomes+ cells, but the ratio of Eomes+ to T-Bet+ cells stayed constant (Fig. 18M-O). 
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This consistency in the memory to effector ratio was also seen in the similar responses 

of mice to a Listeria challenge- no significant differences in bacteria burden were 

observed in the spleens of mice who archived antigen with OVA-p(GluNAc) delivered 

with or without PIC, and challenged with an attenuated strain of Lm-OVA (Fig. 18P). 

Thus, co-delivering antigen-p(GluNAc) with an adjuvant such as PIC improves the 

overall proliferation and activation without altering the preferential memory to effector 

phenotype observed with p(GluNAc) conjugation. 

 

Fig 18. Antigen-p(GluNAc) co-delivered and archived with an adjuvant enhances the proliferation 
of naïve CD8+ T cells and differentiation into effectors and central memory, while retaining the 
skewed central memory signature. (A) Experimental timeline to evaluate the effect of archiving 
glycopolymerized antigen with poly(I:C) adjuvant on archiving and the immune response at day 
17. OVA dose was 25 ug and poly(I:C) dose was 10 ug per mouse. (B) OVA+ LECs in dLNs. (C) 
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Fig 18. Antigen-p(GluNAc) co-delivered and archived with an adjuvant enhances the proliferation 
of naïve CD8+ T cells and differentiation into effectors and central memory, while retaining the 
skewed central memory signature (continued) Number of OVA+ LECs in dLNs. (D) MFI of OVA+ 
LECs in dLNs. (E) Number of OVA+ LECs, CD8+ DCs and CD103+ DCs in the OVA-p(GluNAc) 
group (left) and OVA-p(GluNAc) and poly(I:C) group (right). (F) OTI CD8+ T cells that proliferated 
(diluted CFSE) in dLNs. (G) % OTII CD4+ T cells that proliferated (diluted CFSE) in dLNs. (H) 
Representative flow cytometry plots showing CD44 and CD62L expression on OTI and OTII T 
cells in dLNs. (I) LN OTI CD8+ T cells that are effectors (CD44+CD62L-). (J) LN OTI CD8+ T cells 
that are central memory (CD44+CD62L+). (K) LN OTII CD4+ T cells that are effectors 
(CD44+CD62L-). (L) LN OTII CD4+ T cells that are central memory (CD44+CD62L+). (M) 
Representative flow cytometry plots showing Tbet and Eomes expression on activated (CD44+) 
OTI in dLNs. (N) T-bet+CD44+ OTI CD8+ T cells in dLNs. (O) Eomes+CD44+ OTI CD8+ T cells in 
dLNs. (P) After the OTI CD8+ T cell adoptive transfer on day 14, immunized mice were allowed 
to rest for a month before receiving a challenge of 108 CFUs of an attenuated strain of Lm-OVA 
via i.v. tail vein injection on day 39. CFUs present in the spleen post-challenge at day 42 were 
quantified. Statistical differences were determined by one-way ANOVA using Tukey’s post hoc 
test (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.005). 

 

Antigen-p(GluNAc) antigen co-delivered and archived with an adjuvant imprints a 

suppressed phenotype on CD8+ T cells, compared with unconjugated antigen 

Given that co-administration of antigen-p(GluNAc) with an adjuvant such as PIC 

improved proliferation and activation, we asked the question whether that “restored” 

phenotype of antigen-p(GluNAc) alone was comparable to what would be obtained with 

unconjugated antigen delivered with the same adjuvant. Thus, we compared the 

response of OTI CD8+ T cells to OVA archived with unmodified OVA and PIC with OVA-

p(GluNAc) and PIC (Fig. 19A). The new higher OTI proliferation observed with OVA-

p(GluNAc) and PIC failed to match the proliferation with OVA and PIC (Fig. 19B). This 

mismatch was also observed when comparing the effector and memory differentiation 

through markers such a CD44, CD62L and Eomes (Fig. 19C-E). Importantly, the 

skewed memory phenotype previously observed with p(GluNAc) conjugation was 

preserved and was significantly different from unmodified OVA and PIC (Fig. 19F, G). 

This memory signature was conserved in the dLNs but not in the spleen, showing that 
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the LN is an essential site for inducing this phenotype (Fig. 19F, G). Thus, archiving 

antigen-p(GluNAc) imprints the antigen-specific CD8+ T cell response imprinted with 

regulatory properties that cannot be easily reversed by simply adding an adjuvant to the 

immunization, and apparent increases in the overall proliferation and effectors do not 

change a suppressed end result. 

 

Fig 19. Antigen-p(GluNAc) antigen co-delivered and archived with an adjuvant imprints a 
suppressed phenotype on CD8+ T cells, compared with unconjugated antigen. (A) Experimental 
timeline. (B) % OTI that proliferated in dLNs. (C) Representative flow cytometry plots showing 
CD44 and CD62L expression on OTI in all three groups. (D) Representative flow cytometry plots 
showing Eomes and T-bet expression on OTI cells in dLNs. (E) % effector (CD44+CD62L-) OTI 
cells in dLNs. (F) Ratio of central memory (CD44+CD62L+) to effector memory (CD44+CD62L-) 
OTI cells in LN (left) and spleen (right). (G) Ratio of Eomes to T-bet on activated (CD44+) OTI 
cells in LN (left) and spleen (right). Statistical differences were determined by one-way ANOVA 
using Tukey’s post hoc test (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.005). 
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T cell memory generated with archived antigen-p(GluNAc) does not protect mice 

against inflammatory challenges 

The phenotype of OTI cells that responded to archived OVA-p(GluNAc) did not give a 

clear indication if the higher central memory generated could be protective. To 

determine the nature of the memory and role in future antigenic challenge, we 

challenged mice with B16-OVA melanoma two weeks following OTI adoptive transfer 

(Fig. 20A). The mice were immunized in the left hock and the tumor was implanted on 

the back of the mice ipsi (i.e., on the same side) of the draining left hock (Fig. 20A). 

This anti-tumor vaccination strategy of immunizing in one hock and using the opposite 

hock as unimmunized control has been explored in the Swartz lab before; anti-tumor 

efficacy can only be detected in the ipsi hock where T cells mount an immune response 

to local tumor-draining antigens. We found that tumor growth was significantly delayed 

only in the case when antigen was archived in mice in the presence of adjuvant (Fig. 

20B). All other conditions where OVA was archived at steady-state, irrespective of the 

conjugation status, failed to protect the mice against tumor outgrowth; these mice 

behaved like their immune system has never seen OVA before as in the saline controls 

(Fig. 20B). Because melanoma is characterized by an immune suppressed 

microenvironment, and glycopolymerization had little bearing on modifying that 

tolerogenic state in the absence of an adjuvant, we decided to test the protective nature 

of archived antigen-p(GluNAc) in response to bacterial Listeria infection. A month after 

OTI adoptive transfer, mice were infected systemically with 1x108 CFUs of Lm-OVA via 

i.v. injection and sacrificed three days later to analyze the bacterial load in the liver (Fig. 
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20C). Even though there was high variability in the saline untreated mice, we observed 

a significantly higher bacterial burden in the liver of the mice that had archived OVA-

p(GluNAc) (Fig. 20D, E). These data confirmed that memory generated with OVA-

antigen was suppressive and could not contribute to systemic protection against a 

bacterial infection. 

 

Fig 20. T cell memory generated with archived antigen-p(GluNAc) does not protect mice against 
inflammatory challenges, including an antigen-specific Listeria or melanoma challenge. (A) Mice 
were immunized with OVA in free or glycoconjugate form s.c. in the left hock and OTI cells were 
adoptively transferred via an i.v. injection on day 12. They received an intradermal challenge of 
B16-OVA melanoma cells on the back ipsi to the injected draining hock on day 25 and tumor size 
was monitored. (B) Tumor volume in mm3 plotted over time, starting from day 25. (C) Mice were 
immunized with OVA in free or glycoconjugate form s.c. in the left hock and OTI cells were 
adoptively transferred via an i.v. injection on day 14. They received a systemic i.v. injection of 108 
CFU of an attenuated Lm-OVA listeria strain on day 56, and the CFUs were quantified three days 
later in the liver. (D) Representative BHI (brain heart infusion medium) agar plates showing Lm-
OVA colonies from processed livers. Single cell liver suspensions were plated and imaged 36 h 
later. (E) Bacterial CFUs per mg of weighed liver. Total counted CFUs per plate and dilution were 
normalized with the liver weight per mouse. Statistical differences were determined by one-way 
ANOVA using Tukey’s post hoc test (comparisons were made at day 17 post tumor challenge for 
statistical analysis in B) (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.005). 
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Further analysis of the OTI CD8+ T cells in the spleen of the mice at day 59 yielded no 

insights into differences in response on challenge. OTI cells from all groups were 

recovered in similar numbers (Fig. 21A), proliferated to the same extent (Fig. 21B) and 

produced pro-inflammatory cytokines at similar levels upon restimulation with the 

cognate SIINFEKL peptide (Fig. 21C). This indicated to us that there were more 

regulatory mechanisms at play, possibly from the endogenous compartment, though we 

could not detect any differences there (data not shown). An ELISA of the restimulation 

culture supernatant revealed that IL-17 was produced in significantly larger quantities by 

splenocytes compared to IFNγ (Fig. 21D). Literature sources show that the source of 

the IL-17 could be conventional inflammatory Th17 αβ CD4+ T cells or mucosal γδ T 

cells. Even though listeria was injected i.v., the bacteria could still have partially homed 

to the gut where it would have stimulated IL-17 production from these non-conventional 

T cells residing in the gut mucosal endothelium. Another potential source of IL-17 could 

be CD8+ T cells but these have only been documented to be commensal-specific 

through non classical MHC, skin-resident and plastic and responsive to alarmins upon 

tissue damage (184).  

 

Fig 21. Immunological mechanisms behind the Listeria challenge to archived antigen-p(GluNAc) 
are not apparent at the conventional T cell level. (A) % CD45.1+ CD8+ T cells (OTI) in spleen at 
day 59. (B) % activated and proliferating (Ki67+CD44+) OTI cells in spleen at day 59. (C) % OTI 
that produced the pro-inflammatory cytokines (IFNγ, IL-2 and TNFα) upon 3 h restimulation in Fig 

A B C D 
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Fig 21. Immunological mechanisms behind the Listeria challenge to archived antigen-p(GluNAc) 
are not apparent at the conventional T cell level (continued) culture without exogenous peptides, 
measured by flow cytometry. (D) Ratio of IL-17 to IFNγ secreted into the culture supernatant and 
measured by ELISA. Statistical differences were determined by one-way ANOVA using Tukey’s 
post hoc test (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.005). 

 

In order to confirm our suspicions, we measured the production of IL-17 and IFNγ 

cytokines by γδ T cells and conventional CD4+ T cells using flow cytometry, from the 

spleen of mice that we infected with Lm-OVA. This attenuated strain of Lm-OVA has the 

2W1S peptide in its backbone, in addition to OVA peptides, conferring this strain the 

ability to stimulate endogenous 2W1s-specific CD4+ T cells from the large precursor 

pool in addition to a strong CD8+ cytotoxic response upon infection (Fig. 22A). Because 

the presence of the adjuvant made little difference to clearance of the infection seen 

from the similar bacterial burdens between mice that had archived OVA vs OVA and 

PIC adjuvant, we suspected that the ability of this Lm strain to get cleared easily could 

also be due to the strong elicited endogenous CD4+ T cell response, beyond the fact 

that it is attenuated and cannot replicate inside infected cells (Fig. 20E). Thus, we 

isolated and digested splenocytes five days after the mice were infected with 1x107 

CFU of Lm(2W1s)-OVA, and restimulated the cells for 6 h in the presence of BFA, 

either without peptide, or with SIINFEKL, ISQ or 2W1S peptide. We isolated ~1 % γδ T 

cells from CD4-CD8- gated CD3+ T cells in the spleen (Fig. 22B). This low frequency is 

expected from non-mucosal tissues such as the spleen. These γδ T cells produced 

significantly more IL-17 than IFNγ in culture, expressed as a ratio of IL-17+ to IFNγ+ 

cells, compared with conventional CD4+ αβ T cells (Fig. 22C, D). The response was 

similar across groups, showing that exogenously added peptide antigens do not 

enhance the response to restimulation when whole infected splenocytes from which 
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bacterial antigens can be easily derived are already present in the culture (Fig. 22C, D). 

Thus, IL-17 read-out could be important in interpreting future immunological 

experiments with this Lm strain. Importantly, we now knew that the blunted response 

with archived antigen-p(GluNAc) upon challenge was most likely due to a previous 

deletional response in the initial activation, generated a smaller reservoir of central 

memory cells that can respond to antigen re-encounter, but their potential to re-activate 

is unchanged. The game is in the numbers. 

 

Fig 22. Listeria infection with the attenuated strain elicits an important IL-17 response, mediated 
by splenic TCR γδ+ T cells. (J) Plasmid map of the attenuated act-A mutant strain of Listeria 
showing the immunodominant epitopes of OVA and of the 2W1S peptide in the backbone. (K) % 
TCR γδ+ of CD4-CD8- double-negative T cells in the spleen under all restimulation conditions. (L) 
Ratio of % IL-17+ TCR γδ+ to IFNγ+ TCR γδ+ cells upon restimulation with OVA257-264 or OVA323-339 
or 2W1S peptides or plain media. (M) Ratio of % IL-17+ conventional (TCR αβ+) CD4+ T cells to 
IFNγ+ conventional (TCR αβ+) CD4+ T cells upon restimulation with OVA257-264 or OVA323-339 or 
2W1S peptides or plain media. Statistical differences were determined by one-way ANOVA using 
Tukey’s post hoc test (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.005). 

 

Lymphatic endothelial cells cross-present archived p(GluNAc)-antigen but are not 

responsible for the enhanced central memory phenotype of CD8+ T cells 

We have shown that OVA-p(GluNAc) antigen is archived in LECs to a significantly 

higher extent at steady state compared with free OVA. Archived antigen-p(GluNAc) also 

results in a suppressed CD8+ T cell response characterized by lower proliferation, most 

likely deletion and generation of non-protective central memory pool. Recent published 

A B C D 
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work in the Swartz lab shows that LECs are able to educate naïve CD8+ T cells into a 

central memory phenotype at steady state and in short term, and these cells, when 

generated in vitro and adoptively transferred in vivo, have the ability to behave like 

normal central memory CD8+ T cells and defend the host against a bacterial infection. 

Our result, though in a different model of archiving and in vivo, was in contrast to what 

the Swartz lab had previously observed with the protective potential of the central 

memory cells generated by LECs. However, we needed to determine the contribution of 

LECs to presentation of archived antigen before making any conclusions. 

 

There are various challenges associated with evaluating antigen presentation and 

education of T cells by lymph node stromal cells (LNSC) including LECs in vivo (180). 

This is because completely knocking them out would destroy the LN architecture and 

draining lymphatics critical for the normal course of any immune reaction. Conditional 

knock-outs have been made possible using the Cre recombinase system with the gene 

of choice floxed. Specific genes have been conditionally knocked out in LECs this way 

using Prox1 or Lyve1 promoters. A caveat is that these genes are not specific to LECs 

only- Prox1 is expressed by hepatocytes and Lyve1 is expressed by macrophages- 

making results hard to interpret. MHCII has been knocked out in LECs conditionally 

using the Prox1-Cre system, generating a useful tool for studying the role of LECs in 

presenting exogenous antigen to CD4+ T cells. This strategy cannot be used with MHCI 

because LECs play an essential role in the maintenance of peripheral tolerance and 

abrogating MHCI in LECs would compromise homeostatic immunity and would 

introduce confounding variables in the investigation of cross-presentation of exogenous 
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antigen to CD8+ T cells. Moreover, recent single-cell transcriptomic analyses of LECs 

have revealed extraordinary heterogeneity of LECs in localized in various areas of the 

LN, in their expression of genes related to scavenging, antigen presentation and 

regulation, making selecting a gene or promoter difficult to generate a conditional 

knock-out (32, 172). We can, however, take advantage of the fact that LECs are 

resistant to radiation and thus would remain intact if mice received sublethal whole body 

irradiation to deplete their hematopoietic compartment from the bone marrow. Thus, 

generating bone marrow chimeras where the mice are then reconstituted with 

hematopoietic cells that are unable to cross-present, would constitute a good model for 

studying the contribution of LECs when it is the only APC type that can cross-present. 

 

First, we gamma irradiated WT C57BL/6 mice with either a sublethal bolus dose of 900 

rad or in two rounds of 450 rad spaced 4 h apart, using a Caesium-137 radiation decay 

source (Fig. 23A). These doses have been found to effectively deplete circulating and 

bone marrow resident mature immune cells as well as immature progenitor hemopoietic 

cells that are the fastest replicating cells in the host. The 450x2 schedule has the 

reported advantage that it can minimize adverse effects associated with radiation but it 

was necessary to conduct our own radiation dose-response study. To prevent radiation-

associated morbidity, mice were adoptively transferred with 1x107 bone marrow cells 

each within an hour of the last radiation dose via a tail vein i.v. injection (Fig. 23A). Mice 

start recovering soon after the bone marrow reconstitution, and it typically takes them 4-

6 weeks to allow the injected bone marrow precursor cells to fully implant into the 

recipient’s bone marrow to give rise to a new hematopoietic compartment. Thus, it is 
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essential to leave the mice undisturbed in that window to allow full recovery and 

bleeding them to monitor reconstitution can remove a considerable fraction of the 

circulating bone marrow progenitor cells, causing morbidity (data not shown). Indeed, 

we detected significantly lower numbers of all circulating immune cells in the blood of 

mice at 1-2 weeks following radiation and bone marrow reconstitution. The bone 

marrow injected into the WT recipients were either from WT hosts (control) or β2m-/- 

hosts that are MHCI-deficient such as to generate two sets of bone marrow chimeras 

where the WT→WT chimeras have a functional APC compartment and β2m-/-
→WT 

chimeras have stromal radioresistant APCs such as LECs capable of antigen 

presentation but a hematopoietic APC compartment that is unable to present because 

of the lack of an essential molecule (β2m) in its MHCI machinery (Fig. 23B).  

 

We first determined if we generated successful chimeras from irradiation and 

reconstitution by bleeding mice 6 weeks after when it was safe to do so, and staining for 

the numbers and MHCI expression of different circulating cells using flow cytometry 

(Fig. 23C). We quantified the numbers of T cells, B cells, granulocytes, dendritic cells 

(DCs) and monocytes and showed the gating strategy used (Fig. 23C). We also 

included naïve WT BL/6 mice as a benchmark comparison to make sure immune cells 

in the chimeras were regenerated to numbers normal in WT mice. Lymphocytes were 

present in normal quantities in all chimeras (Fig. 23D, E). A higher fraction of T and B 

cells were detected in the WT→ WT chimeras that had undergone the higher bolus 900 

rad dose, possibly from homeostatic proliferation generated from higher inflammation in 

these mice, and these mice were excluded from further experiments to reduce variability 
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(Fig. 23D, E). We observed normal reconstitution of DCs (Fig. 23F), granulocytes (Fig. 

23G), classical monocytes (Fig. 23H) and non-classical monocytes (Fig. 23I) in all 

chimeras, compared with the naïve WT mice. As observed before with lymphocytes, we 

also observed a significantly higher number of DCs (Fig. 23F) and non-classical 

monocytes (Fig. 23I) with the higher rad dose, further justifying why we excluded them 

in later experiments. Beyond reconstituted numbers, we also measured differences in 

H2-kb MHCI expression on these circulating cells. We found that as expected, while 

MHCI expression in cells in the WT→ WT chimeras was intact and comparable to levels 

in naïve WT mice, it was significantly decreased in the β2m-/-
→WT chimeras (Fig. 23J-

N). This was the case for all relevant APC subsets that we checked, including all 

hematopoietic CD45+ cells (Fig. 23J), B cells (Fig. 23K), DCs (Fig. 23L), classical 

monocytes (Fig. 23M) or non-classical monocytes (Fig. 23N). These confirmed that we 

had successfully generated and reconstituted bone marrow chimeras, where the control 

WT→ WT chimeras had normal MHCI expression and only the β2m-/-
→WT chimeras 

had MHCI-deficient expression on circulating hematopoietic cells. 
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Fig 23. Characterization of APC reconstitution and phenotype in blood following bone marrow 
irradiation and chimera generation. (A) Experimental timeline describing the irradiation and 
generation of the bone marrow chimeras using two different radiation doses and reconstitution 
via i.v. injection of bone marrow cells from either WT or β2m-/- hosts. Mice were allowed to recover 
from the procedure for 6 weeks and the APCs in the blood were characterized for recovered 
numbers and MHC I expression. (B) Types of bone marrow reconstitutions and the outcome on 
the identity of the APC in each case. Only the top two bone marrow chimeras in this schematic 
were generated. (C) Flow cytometry gating strategy showing relevant CD45+ hematopoietic APCs 
and other cell populations in the blood at week 6 post-irradiation and bone marrow reconstitution. 
(D) Numbers of T cells in blood at week 6. (E) Number of B cells in blood at week 6. (F) Number 
of dendritic cells in blood at week 6. (G) Number of granulocytes in blood at week 6. (H) Number 
of classical monocytes in blood at week 6. (I) Number of non-classical monocytes in blood at 
week 6. (J) MFI of MHC I on CD45+ hematopoietic cells. (K) MFI of MHC I on B cells. (L) MFI of 
MHCI on dendritic cells. (M) MFI of MHC I on classical monocytes. (N) MFI of MHC I on non-
classical monocytes. Statistical differences were determined by one-way ANOVA using Tukey’s 
post hoc test (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.005). 

 

We divided up these chimeras into four groups that we immunized s.c. with free OVA, 

OVA-p(GluNAc) or saline as negative control or OVA and adjuvant as positive control, 



106 
 

adoptively transferred OTI cells two weeks post-immunization, and sacrificed the 

chimeras 3 days following adoptive transfer (Fig. 24A). We first evaluated the MHCI 

expression on all APC subsets of interest that we were able to isolate from LNs, spleen 

and the site of injection (skin) at the time of sac. We analyzed MHCI expression of 

APCs from the dLNs (Fig. 24A). LECs retained MHCI expression in the β2m-/-
→WT 

chimeras, which was expected from their radioresistant property (Fig. 24B). The MHCI 

expression of another stromal cell type FRCs, however, was significantly affected (Fig. 

24C). MHCI expression on CD45+ APCs was significantly reduced in the β2m-/-
→WT 

chimeras, including in macrophages (Fig. 24D), LN-resident cross-presenting CD8+ 

DCs (Fig. 24E), migratory CD103+ DCs (Fig. 24F) and plasmacytoid DCs (Fig. 24G). 

While the MHCI expression, measured by flow cytometry, was reduced to FMO control 

levels (= zero) in many subsets, it was still measurable (above zero) in the FRCs (Fig. 

24C) or CD8+ DCs (Fig. 24E) that suggested that they could also potentially contribute 

to antigen presentation in these β2m-/
→WT chimeras. We could nonetheless confidently 

conclude that LECs were the major antigen presenter in the dLNs of β2m-/-
→WT, which 

are a good tool for studying the contribution of LEC to cross presentation of archived 

antigen. 

 

Because antigen immunized s.c. can be partially taken up by skin-resident APCs for 

further migration and trafficking to the dLNs, it was important to verify MHCI expression 

on these skin APCs at the time of sac. We confirmed that MHCI expression was 

abrogated to zero levels in the β2m-/-
→WT chimeras on skin LECs (Fig. 24H), FRCs 

(Fig. 24I), BECs (Fig. 24J), CD207+ Langerin DCs (Fig. 24K), CD11b+ DCs (Fig. 24L) 
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and skin DC monocytes (Fig. 24M), showing that they would have no contribution to 

antigen presentation in these chimeras. 

 

MHCI expression on APCs in the spleen was also completely abrogated in the β2m-/-

→WT chimeras, including on macrophages (Fig. 24N), total conventional DCs (Fig. 

24O), cross-presenting CD8+ DCs (Fig. 24P), CD11b+ DCs (Fig. 24Q) and 

plasmacytoid DCs (Fig. 24R). Thus, we were confident that we could attribute most of 

the antigen presentation contribution to LN-LECs only in our generated β2m-/
→WT 

chimeras. 

 

Fig 24. Characterization of APC phenotype in dLNs of chimeras at time of sacrifice following 

treatment with antigen-p(GluNAc) and adoptive transfer. Following the timeline proposed in the 

previous fig, bone marrow chimeras were immunized and OTI cells were adoptively transferred 

two weeks later to assess their phenotype. (A) Gating strategy of CD45+ hematopoietic and CD45- 

stromal APCs in the dLNs of the chimeras at week 8. (B) MFI of MHC I on LECs. (C) MFI of MHC 

I on FRCs. (D) MFI of MHC I on BECs. (E) MFI of MHC I on CD8+ resident DCs. (F) MFI of MHC 
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Fig 24. Characterization of APC phenotype in dLNs of chimeras at time of sacrifice following 

treatment with antigen-p(GluNAc) and adoptive transfer (continued) I on CD103+ migratory DCs. 

(G) MFI of MHC I on plasmacytoid DCs. (H-M) MFI of MHC I on skin-resident APCs at week 8. 

(H) MFI of MHC I on LECs. (I) MFI of MHC I on FRCs. (J) MFI of MHC I on BECs. (K) MFI of MHC 

I on Langerin+ DCs. (L) MFI of MHC I on CD11b+ DCs. (M) MFI of MHC I on skin monocytes. (N-

O) MFI of MHC I on splenic APCs. (N) MFI of MHC I on macrophages. (O) MFI of MHC I on CD8+ 

DCs. (P) MFI of MHC I on conventional DCs. (R) MFI of MHC I on plasmacytoid DCs. Statistical 

differences were determined by the Mann Whitney t test (C) (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.005). 

 

Next, we analyzed the phenotype of OTI cells that responded to archived antigen in the 

control and β2m-/-
→WT chimeras. We found that the OTI cells proliferated to a similar 

extent in the β2m-/-
→WT chimeras than they did in the WT→ WT chimeras, 

demonstrating that LECs are sufficient to cross-present antigen in circumstances where 

other professional CD45+ APCs cannot (Fig. 25A). Moreover, we noted no difference in 

the production of inflammatory cytokines such as IFNγ, IL-2 or TNFα between the two 

types of chimeras (Fig. 25B). We could detect slightly higher levels of cytokines in the 

adjuvanted condition, which is probably due to higher homeostatic inflammation present 

in the chimeras. However, the ability of OTI to differentiate into central memory cells, 

measured from the surface expression of CD44 and CD62L and the ratio of central 

memory (CD44+CD62L+) to effector memory (CD44+CD62L-) was significantly 

decreased in the β2m-/-
→WT chimeras compared to the WT chimeras (Fig. 25C, D), 

showing that LECs are not responsible for the enhanced central memory phenotype 

seen with archived antigen-p(GluNAc) and that the archived antigen is probably 

transferred to another CD45+ APC for subsequent presentation. 
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Fig 25. Antigen-specific CD8+ T cells proliferate to the same extent but lose their central memory 
phenotype in chimeras where only LECs are able to cross-present archived antigen. (A) Counts 
of proliferative (that had diluted CFSE) OTI from dLNs of chimeras at week 8. (B) % OTI that 
produced the pro-inflammatory cytokines (IFNγ, IL-2, TNFα) upon restimulation with OVA257-264. 
(C) % OTI that were of a central memory (CD44+CD62L+) phenotype. (D) Ratio of central memory 
(CD44+CD62L+) to effector memory (CD44+CD62L-) OTI in dLNs, normalized to the ratio in saline 
controls. Statistical differences were determined by the Mann Whitney t test (C) (*p ≤ 0.05, **p ≤ 
0.01, ***p ≤ 0.005). 

 

Batf3-dependent dendritic cells are not responsible for the enhanced central 

memory phenotype of CD8+ T cells observed with archived antigen-p(GluNAc) 

In order to investigate what APC type contributed to the enhanced central memory 

phenotype observed with antigen-p(GluNAc), we turned to a genetic knock-out model 

where Batf3-dependent cross-presenting DCs were absent. LN-resident cross-

presenting DCs were one of the cell types to take up and retain antigen delivered with 

p(GluNAc). These DCs are also particularly efficient at cross-presentation and were 

found to present archived antigen transferred from apoptotic LECs following resolution 

of inflammation in the LNs. The Batf3-/- mice were originally developed on the 129S 

background where complete depletion of CD8+ DCs was reported in the spleen. 

Depletion of these DCs in the LN was however not shown. The Batf3-/- mice used in this 

study were a generous donation of Justin Kline’s lab where they bred the original 129S 

mice to WT C57BL/6 mice to generate hybrid mice that would not reject certain tumors. 

These mice unfortunately have a substantial number of residual DCs due to 

compensation from the Batf1 developmental gene. This compensation is shown in both 



110 
 

the spleen and LNs, where the number of CD8+ or CD103+ DCs is reduced in the KO 

mice but still present, and should be considered in interpretation of our results (Fig. 

26A). We first wanted to check whether the partial absence of these DCs can result in a 

change in the phenotype of T cells that responded to antigen archived with or without 

adjuvant. We conducted a similar experiment where we immunized WT or Batf3-/- mice 

with 20 μg of OVA or 20 μg of OVA in combination with PIC (4 μg) or αCD40 (4 μg), 

waited two weeks to adoptively transfer OTI cells and assessed their phenotype 3 days 

post adoptive transfer. We found that Batf3 DCs played an essential role in the priming 

of archived antigen only when delivered with an adjuvant signal since OTI proliferated 

and were recovered in significantly fewer numbers in KO mice in the adjuvanted group, 

whereas OTI proliferation and recovery were unaffected in the WT mice treated with 

OVA only (Fig. 26B, C). OTI cells responding to adjuvanted OVA also expressed 

significantly lower levels of Tbet and Eomes transcription factors in the KO mice, 

demonstrating lower activation potential (Fig. 26D). The ability of these OTI to produce 

inflammatory cytokines, especially IFNγ, was severely decreased in the KO mice that 

archived adjuvanted OVA, showing the importance of Batf3 DCs in sensing antigen in 

the context of TLR activation. 
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Fig 26. Validating the Batf3-/- mouse model; Batf3 DCs are dispensable to antigen priming in the 
absence of an adjuvant. (A) Representative flow cytometry plots showing frequencies of CD8+ 
and CD103+ DCs in the pooled axillary and popliteal LNs and spleen of WT C57BL/6 and Batf3-/- 
(KO) mice. (B-E) Mice of each genotype were immunized with 20 μg OVA without or with adjuvant 
(10 μg poly(I:C) and αCD40 antibody) and received an adoptive transfer of CD45.1+ CD8+ OTI T 
cells 11 days later, and the phenotype was assessed in a further three days. (B) % OTI recovered 
from the dLNs of WT or KO mice. (C) Proliferation of OTI cells in dLNs of WT or KO mice. (D) 
(Top) Representative flow cytometry plots of LN OTI showing T-bet and Eomes expression. 
(Bottom) Quantification of % activated (CD44+) OTI that are T-bet+ (left) and Eomes+ (right). (E) % 
OTI cells that are cytokine producers upon restimulation with OVA257-264. Single, double and triple 
positive OTI cells are shown. Statistical differences were determined by one-way ANOVA using 
Tukey’s post hoc test (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.005). 

 

Having validated the model, we set out to test the role of these Batf3 DCs in 

presentation of archived antigen-p(GluNAc) to antigen-specific CD8+ T cells, and 

whether the response was dependent on TCR strength. Based on our previous studies 

with OTI and OT3 cells, we knew that OT3 cells, that exhibit lower TCR avidity to the 

same OVA epitope, were unable to proliferate in a competitive environment. We thus 



112 
 

adoptively transferred OT3 cells at a 3:1 ratio with OTI cells into either WT or Batf3-/- 

mice two weeks after immunizing them with either unmodified OVA or OVA-p(GluNAc), 

and assessed the phenotype of the T cells three days post-adoptive transfer (Fig. 27A). 

In order to distinguish the OTI from the OT3 cells and avoid the variability of using 

different fluorescent cell proliferation markers, we used OTI from a different congenic 

strain that expresses CD90.1 in addition with CD45.1, such that we identified OTI cells 

as CD90.1+CD45.1+ and the OT3 cells as CD90.1- after applying the CD45.1+ gate (Fig. 

27B). We observed the ratio of OT3: OTI cells in the mice increased to >1 and to a 

significantly higher extent in WT mice immunized with OVA compared with OVA-

p(GluNAc) (Fig. 27C). However, in Batf3-/- mice, this ratio was significantly lower in the 

OVA-treated mice but not in the p(GluNAc) group (Fig. 27C). Analyzing the OTI and 

OT3 cells individually, it was apparent that OTI behaved the way we expected in WT 

mice, exhibiting lower recovery in OVA-p(GluNAc) treated mice (Fig. 27D). The higher 

recovery seen with OVA was abrogated in the Batf3-/- mice, showing that these DCs are 

more instrumental in presenting unmodified archived antigen compared with antigen-

p(GluNAc) (Fig. 27D). OT3 cell numbers recovered barely changed in response to 

archived antigen in all groups, confirming that CD8+ T cells below a certain avidity 

threshold are not activated in response to archived antigen (Fig. 27E). We previously 

showed that in the absence of an adjuvant, the absence of the Batf3 DCs does not 

make a difference to OTI proliferation, and this is consistent with what we observe here. 

OTI in mice with archived OVA-p(GluNAc) proliferate less than with OVA, and to the 

same extent in Batf3-/- mice (Fig. 27F). OT3 cells do not proliferate at all (Fig. 27G). 

Importantly, we were able to show that the higher central memory to effector ratio seen 
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with archived OVA-p(GluNAc) education was not affected in the Batf3-/- mice, indicating 

that these cross-presenting DCs are dispensable in the differentiation of these cells into 

a memory phenotype (Fig. 27H). Moreover, the ratio of Eomes to T-bet transcription 

factors was also unchanged in the KO mice (Fig. 27I). Interestingly, even though the 

OT3 cells showed no indication of activation through recovery numbers or proliferation, 

they had a higher number of memory precursor cells (CD127+KLRG-1-) in Batf3-/- mice 

with archived antigen-p(GluNAc), suggesting that these DCs might have a role in 

activating lower avidity CD8+ T cells from a less cytotoxic to a more memory fate (Fig. 

27J). This might also be an indication that antigen archiving cross-presenting DCs 

retain the antigen for long enough to engage lower avidity CD8+ T cells in an antigen-

competitive environment. Overall, these data demonstrated that Batf3 DCs are 

dispensable to presenting antigen archived with p(GluNAc) and skewing them to a 

central memory phenotype. 
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Fig 27. Batf3-dependent dendritic cells are not responsible for the enhanced central memory 
phenotype of CD8+ T cells observed with archived antigen-p(GluNAc). (A) Experimental set-up: 
WT or KO mice were immunized s.c. in all hocks, followed by an adoptive transfer of 
CD45.1+CD90.1+ OTI and CD45.1+CD90.1- OT3 mice, after which the T cell phenotype was 
analyzed at day 14. (B) Gating strategy showing 74% OTI and 26% OT3 from the dLNs of WT 
mice. (C) Ratio of numbers of OTI to OT3 cells in the dLNs of WT and KO mice. (D) % OTI cells 
in the dLNs of WT and KO mice at day 14. (E) % OT3 cells in the dLNs of WT and KO mice at 
day 14. (F) Histograms showing CFSE dilution traces of OTI cells in the dLNs of WT and KO mice 
(left) and a quantification of % CFSE-diluted (proliferated) OTI. (G) % CFSE-diluted (proliferated) 
OT3 cells in dLNs of WT and KO mice. (H) Ratio of central memory (CD44+CD62L+) to effector 
memory (CD44+CD62L-) OTI cells in dLNs of WT and KO mice. (I) Ratio of Eomes to T-bet on LN 
OTI. (J) % OT3 cells that are memory precursors (CD127+KLRG-1-) in dLNs of WT and KO mice. 
Statistical differences were determined by one-way ANOVA using Tukey’s post hoc test and the 
Mann-Whitney t test (for H and I) (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.005). 
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The response to archived antigen at steady state is independent of antigen 

glycosylation 

We knew from literature that Batf3 DCs have an important contribution to presentation 

of archived antigen, especially antigen delivered with an inflammatory stimulus including 

a CD40 agonist. In this model, OTI CD8+ T cell proliferation is abrogated to significant 

levels in the absence of these DCs. In my work, we have shown that OTI proliferation, 

while decreased in the Batf3 KO DCs, are still in a highly proliferative state (>90% 

CFSE-diluted) when antigen is archived with the same adjuvant. This difference could 

be due to three reasons: (1) we used a lower antigen dose in our immunizations (5 ug 

per hock compared with 10-20 ug per site), (2) the Batf3-/- mice we used are on a 

C57BL/6 background, and (3) we used recombinant OVA protein in our experiments. 

We did not think dose was important because the OTI proliferation was very high in the 

dLNs that we isolated, indicating that ample antigen was available for cross-

presentation to the T cells. We showed earlier that the mice we used have a significant 

number of residual CD8+ and CD103+ DCs in their LNs, which can cross-present 

archived antigen, leading to a smaller reduction in proliferation in our hands. Lastly, we 

wanted to rule out that antigen glycosylation was not a factor. Recombinant OVA 

produced in e coli (R-OVA) lacks glycosylation while native chicken OVA (C-OVA) is 

mannosylated at two residues.  

 

We conducted the archiving education experiment where we immunized mice with R-

OVA or C-OVA with the combined adjuvant at an equal dose of 20 ug per mouse, 

adoptively transferred CFSE-labeled OTI cells 11 days later, and evaluated the OTI 
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phenotype 3 days following transfer (Fig. 28A). As highlighted before, these mice have 

substantial residual cross-presenting CD8+ and CD103+ DCs in their LNs (Fig. 28B, C). 

To our surprise, these KO mice also had a significantly lower number of LECs (Fig. 

28D) and FRCs (Fig. 28E) in their LNs, something that no one else had ever looked at 

before. This was a crucial finding as it suggested to us that our observations using 

these mice could have been confounded by a lower number of LECs in addition to a 

reduced number of these Batf3-dependent DCs. BEC numbers were unchanged (Fig. 

28F). The spleens of the KO mice also had a significantly lower number of the CD8+ 

cross-presenting DCs (Fig. 28G).  

 

Next, we verified whether antigen archiving in the KO mice was affected. Among the 

LECs present in the mice, the fraction of cells that had archived antigen was constant 

across the mouse strain but also across the OVA type (Fig. 28H). The same 

observation as made with OVA archived in the cross-presenting CD8+ DCs (Fig. 28I).  

We were able to recapitulate the decrease in OTI recovery in the Batf3-/- mice, which 

was consistent across OVA type both in the LNs and spleen (Fig. 28J). While there was 

a significant difference in recovery, we did not observe any differences in OTI 

proliferation across groups and in the LNs and spleen of these mice (Fig. 28K). A slight 

increase in the central memory to effector ratio was observed in the R-OVA treated 

mice in the LNs of the Batf3-/- mice, suggesting that the absence of these DCs might 

hurt the effector phenotype of the OTI cells but it is unclear why it would not happen in 

the C-OVA group or in the spleen (Fig. 28L). Finally, the Eomes to T-bet ratio, another 

measure of a skewed central memory phenotype, is slightly decreased in the LNs only 
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of the Batf3-/- mice and consistent across groups (Fig. 28M). These data allowed us to 

conclude that the glycosylation status of OVA does not make a difference in the extent it 

is archived, and the response of CD8+ T cells, and the Batf3-/- mice are not a reliable 

tool for studying a LEC-centric phenomenon because of the lower LEC numbers in 

these mice. 

 

Fig 28. Batf3-/- mice have lower overall LEC numbers; the response to archived antigen at steady 
state is independent of antigen glycosylation. (A) Experimental set-up comparing the response of 
OTI cells to archived OVA- naturally glycosylated (chicken) or completely non-glycosylated 
(recombinantly produced in e coli). (B-I) Characterization of the number of APCs and degree of 
archiving in these APCs in the dLNs and spleen of WT and KO mice. (B) Number of CD8+ DCs 
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Fig 28. Batf3-/- mice have lower overall LEC numbers; the response to archived antigen at steady 
state is independent of antigen glycosylation (continued) in dLNs. (C) Number of CD103+ DCs in 
dLNs. (D) Number of LECs in dLNs. (E) Number of FRCs in dLNs. (F) Number of BECs in dLNs. 
(G) Number of CD8+ DCs in the spleen. (H) % OVA+ LECs as a frequency of total live cells in 
dLNs. (I) % OVA+ CD8+ DCs as a frequency of total live cells in dLNs. (J-M) OTI cell phenotype 
at day 14 in the dLNs (top) and spleen (bottom). (J) % OTI recovered. (K) OTI proliferation index. 
(L) Ratio of central memory (CD44+CD62L+) to effector memory (CD44+CD62L-) OTI. Statistical 
differences were determined by one-way ANOVA using Tukey’s post hoc test (*p ≤ 0.05, **p ≤ 
0.01, ***p ≤ 0.005). 

 

Discussion 

Compared to the liver or oral mucosa, where immune responses are skewed toward 

tolerance because of the abundance of oral antigen insults that need to be interpreted in 

an innocuous manner, immune responses to exogenous antigens in the peripheral 

lymphatics usually aim to generate an inflammatory response in the context of an 

infection. However, LNs under homeostasis do continually drain self-antigen from the 

local tissue, and this constant antigen exposure may be important in maintaining 

peripheral tolerance. For example, in mice lacking skin-draining lymphatics, skin-

specific autoimmunity was observed to develop (185). Furthermore, LECs have an 

essential role in the maintenance of tolerance to peripheral tissue-transcribed antigens 

via the deletion of autoreactive cells or the generation of autoantigen-specific CD4+ 

Tregs, thereby acting as an additional mechanism to compensate for potentially 

autoreactive T cells that escape central tolerance (53, 161, 163). LECs can also induce 

tolerance to exogenous antigens draining from peripheral sites of immunization, 

inflammation and tumors, through direct antigen presentation to both naïve CD8+ and 

CD4+ T cells (164, 169, 186). This tolerogenic antigen presentation is accompanied by 

the up-regulation of co-inhibitory molecules, as well as soluble mediators such as IDO 
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that can directly suppress T cells and prevent APCs from maturing and presenting 

antigen to produce effectors (154). 

 

However, it is possible to reverse the default program imprinted by LECs onto T cells 

from suppressive to potentially immune-activating. For example, LNSCs stimulation with 

TLR3 ligand PolyI:C can shift the patterns of tissue restricted antigen expression, 

thereby reducing the capacity to induce CD8+ T cell tolerance to a transgenically 

expressed self-antigen (187). Moreover, the Swartz lab has demonstrated that CD8+ T 

cells that survive the first deletion wave, following education by antigen-bearing LECs, 

differentiate into central memory cells that are able to contribute to functional memory 

and protection against inflammatory challenges (175). Nevertheless, the significance of 

this occurrence in vivo is debatable, mainly because of LECs are outnumbered by other 

antigen uptakers and presenting cells in a LN under either steady-state or inflammatory 

conditions. Thus, it is difficult to imagine a scenario where this central-memory skewing 

property of LECs could be leveraged in a normal immune-sufficient organism in the 

context of a vaccine. Further studies exploring the epigenetic factors controlling this 

CD8+ T cell lineage differentiation pathway would be useful in understanding the 

conditions under which this phenotype could be tuned for potentially translational 

applications. 

 

The work presented in this chapter contradicts previous work done in our lab (175) to 

characterize the relationship between LECs and the quality of the CD8+ T cell central 
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memory induced. Here, we demonstrate that memory induced with archived antigen-

p(GluNAc) promotes a tolerogenic phenotype, suppressing the immune response to 

future inflammatory antigenic challenges. Memory has been found to contribute 

beneficially or harmfully to the maintenance of tolerance in a context-dependent 

manner. Liver-generated memory T cells under non-inflammatory conditions can 

contribute to protective immunity in infection (188). Furthermore, the absence of 

alloreactive T cell memory correlates with graft acceptance (189). In particular, central 

memory cells but not effector memory T cells have been shown to worsen graft-versus-

host disease (190). On the other hand, in type 1 diabetes, lower avidity auto-reactive 

clones adopt a central memory phenotype that serves to regulate antigen presentation 

and activation of destructive high-avidity autoreactive clones in the pancreatic dLNs 

(191). Memory CD8+ T cells have also been shown to promote tolerance to graft 

through nitric oxide production (55). The reservoir of memory CD8+ T cells thus 

generated through archived glyco-modified antigen further establishes a lasting 

mechanism of tolerance, especially given the literature that shows that long-term 

memory CD8+ T cells are more resistant to apoptosis compared to their CD4+ T cell 

counterparts (192). In future mechanistic studies, it will be of interest to evaluate the 

contribution of TCF1+ stem-cell like memory to the central memory compartment and 

tolerogenic state induced by s.c. antigen-p(GluNAc) administration (132).  

 

The type of antigenic challenge can be crucial in dictating the fate of the memory CD8+ 

T cells generated by LECs under steady-state. It is known that LECs are very sensitive 

to environmental stimuli. For example, lymphatic expansion (lymphangiogenesis) and 
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contraction during the course of an inflammatory reaction is regulated by expression of 

external type 1 IFN and LEC-expressed PD-L1, resulting in LEC apoptosis to return the 

LNs back to homeostatic levels (167). Kedl et al. showed that type 1 IFN inhibits LEC 

proliferation and promotes the upregulation of PD-L1 during expansion. Post-

inflammation, during LN contraction, PD-L1+ LECs are protected against apoptosis, and 

loss of expression leads to apoptosis, such that PD-L1+ LECs remain in place to 

maintain peripheral tolerance. We used two distinct types of challenges to evaluate the 

quality of memory generated by archived antigen-bearing LECs, delivered via glyco-

conjugation. One was B16-OVA, immune-suppressed melanoma refractory to 

checkpoint blockade, and the other was attenuated Lm-OVA, type 1 inflammatory 

infectious challenge. Even though both these environments were contextually very 

different, the observed immunological outcome to challenge was the same: tolerance. 

This suggests that the regulatory tolerogenic factors are T cell-intrinsic and independent 

of external environmental cues coming from either a local suppressed tumor 

microenvironment or a systemic inflammatory environment.  

 

It, however, still remains to be determined what cell type is responsible for presenting 

archived antigen to naïve CD8+ T cells. We know that LECs are a strong candidate, 

resulting in equal levels of T cell proliferation seen in the β2m-/- → WT chimeras as in 

the WT → WT chimeras. We have shown that Batf3-dependent DCs are likely not 

responsible. While LECs might cross-present archived antigen, their presentation does 

not result in the enhanced central memory phenotype on antigen-specific CD8+ T cells, 

according to our results. Further studies shedding light on the mechanistic details 
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underlying antigen transfer from LECs to other LN APCs will be crucial in helping us 

understand the dynamics of central memory education, helping us design better tuned 

inverse vaccines for the induction of lasting antigen-specific tolerance. 

Materials and Methods  

More comprehensive methods can be found at the end of chapter 1. Methods unique to 

chapter 2 that have not been presented in chapter 1 are described here. 

Recombinant OVA production and purification 

A starter culture was prepared by spotting a colony of OVA-Bl21 (obtained from 

streaking LB-carbenicillin agar plates with the OVA-Bl21 glycerol stock 24 h earlier) in 5 

mL of LB (21 g/L) with 120 μg/mL carbenicillin in 15 mL bacterial tubes, and cultured 

overnight at 37 0C with shaking. The morning of protein expression, the culture was 

diluted 300-fold with more LB supplemented with carbenicillin and was shaken at 37 0C 

for a further 2.5- 3 h until an O.D. of 0.6- 0.8 was reached. The culture was induced with 

330 μM of IPTG (78.64 mg per L of culture) and incubated at 37 0C for a further 3 h with 

shaking. 500 mL bacterial flasks were weighed out and used to harvest the culture. 

They were spun down at 4000 xg for 20 min and the wet weight of the pellets was 

measured and calculated. Protease inhibitor (CAT# P8849-5ML) was added to the 

pellets at 1 mL per 20 g of wet weight, followed by triton X-100 at 500 μL/L and 

lysozyme at 50 mg/L, and mixed in 50 mL of 1x PBS per L of culture, using a serological 

pipet. The mixture was sonicated on ice for a total of 2 min involving 10 s pulses and 15 

s rests. Benzonase was added at 20 μL/L and 1 M MgCl2 at 1 mL/L to the mixture, 

further mixed and left to lyse overnight at 4 0C with stirring. The next day, the lysate was 
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spun down at 12000 xg for 30 min. The supernatant was collected and after adjusting 

the pH to 7.5, was filtered under vacuum using a 0.22 μM filter. This was purified first 

using His affinity chromatography (binding buffer: 20 mM phosphate, 0.5 M NaCl, pH 

7.5; elution buffer: 20 mM phosphate, 0.5 M NaCl, 1 M imidazole, pH 8), then using 

anion exchange chromatography (binding buffer: 20 mM phosphate buffer, pH=6.3; 

elution buffer: 500 mM phosphate buffer, 0.5 M NaCl, pH=6.3) on an AKTA FPLC. The 

resultant peak fractions were pooled and dialyzed versus sterile 1x PBS, concentrated 

using a 50 mL 10K MWCO Amicon tube, and tested for the absence of LPS. 

Synthesis of OVA647-PEG conjugate (size control)  

Recombinant OVA was first reacted with a 10 mg/mL DMSO stock of AF647 NHS ester 

at a 1:5 molar equivalency in PBS buffer at a pH of 7.4 for 1-2 h, with constant magnetic 

stirring at room temperature. The labeled mixture was purified with a Zeba spin 

desalting column (7K MWCO, thermo 89882) using PBS as wash buffer. Labeled OVA-

AF647 was then reacted with powdered sterile PEG (MW= 20 kDa) at a 1:10 molar 

equivalency for 12 h with constant stirring at room temperature. When run on an SDS-

page gel, the OVA647-PEG conjugate appears to have a molecular weight between 75 

and 250 kDa and stays unchanged when reduced with β mercaptoethanol prior to 

loading, showing that we obtain a conjugate of comparable size to our glycopolymerized 

OVA but that does not contain a reduction-sensitive linker (Fig. 4A). The final reaction 

mixture was purified to remove unreacted OVA647 using size exclusion and fractions 1-

10 containing the conjugate were pooled and concentrated using an Amicon filter (30K 

MWCO) and checked for the presence of endotoxin before in vivo use (Fig. 4B). Finally, 

the fluorescence intensity of the conjugate was measured relative to the other 
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glycoconjugates using a fluorescent plate reader at an excitation wavelength of 630 nm 

and an emission wavelength of 670 nm. All above reactions were handled under sterile 

conditions inside a biosafety hood to avoid contaminating reagents and products with 

endotoxin. The importance of using a size control is demonstrated where following s.c. 

injection in mice, plain OVA without the PEG conjugate, results in a similar uptake by 

LECs, measured by % OVA+ LECs, but a significantly higher MFI inside the OVA+ 

LECs, even though the fluorescence intensity of the two OVA species were matched 

before injection (Fig. 4C). Thus, we describe a method to control for size and uptake 

kinetics in instances when the antigen and antigen glyco-conjugates have very different 

sizes. 

Live fluorescent intravital imaging of the mouse ear dermis 

One to two days prior to injection, any hair present was removed from the ear of WT 

C57BL/6 or Prox1-Tom mice using depilatory cream and the mice were allowed to rest 

for 24 h. The mouse was anesthetized under inhalation isoflurane and a Hamiltonian 

syringe was used to carefully inject saline, OVA647 or OVA647 in 2 μL into the ear dermis 

and the ear was immobilized on a wooden block using tape and imaged through using a 

stereomicroscope. Antigen was detected in the Cy5 channel, and fluorescent lymphatics 

in Prox1-Tom mice were detected in the 594 channel. The ear was imaged on days 0, 

3, 9 and 13 near the site of the i.d. injection.  

Skin processing for flow cytometry 

The ear dermis including the injection site was isolated and cut into small 1 mm2 pieces 

using a blade. Cut skin pieces were transferred into 5 mL polystyrene tubes and were 
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digested, first using 1 mg/mL Collagenase IV and 10 μg/mL DNAse1 for 30 min in a 37 

0C water bath with magnetic stirring, then using 3.3 mg/mL Collagenase D and 10 

μg/mL DNAse1 for a further 15 min at 37 0C with magnetic stirring. All digestions were 

performed in DMEM media supplemented with 2% FBS, 1% P/S and 1.2 mM CaCl2, at 

a volume of 750 μL per skin sample. The sin digests were gently pipetted 100 times 

using an electronic pipette. An equal volume of ice-cold 10 mM EDTA in PBS 

supplemented with 1% FBS was added to the digestion mixes to quench the enzymatic 

reaction for a final concentration of 5 mM EDTA, followed by pipetting for another 100 

times. The cell suspensions were filtered through a 70 μM filter to generate a single cell 

suspension which was stained for flow cytometry. Antibodies against the following 

markers were used: CD45, CD31, GP38, B220, CD3, CD11c, CD11b, CD8, CD103, 

Langerin (CD207). 

Adoptive transfer of OT3 CD8+ T cells 

CD8+ T cells were isolated from the spleen and s.c. LNs (axillary, brachial, inguinal, 

popliteal, cervical) of OT3 mice using the EasySep CD8+ isolation kit (Stemcell 19853). 

Spleens were first mashed into a single cell suspension and lysed with ACK lysis buffer 

(Gibco A1049201). LNs were digested with 1 mg/mL Ca2+ supplemented Collagenase D 

(Roche 11088866001) for 45 min at 37 0C and gently mashed into a single cell 

suspension. Suspensions from the LNs and spleen were pooled and subjected to 

magnetic cell isolation using the kits. The OT3 CD8+ T cells were labeled with 1 μM 

CFSE for 6 min at RT, washed with sterile PBS buffer, quantified and resuspended in 

saline buffer for injection. 1x106 cells were injected into mice via i.v. tail vein injection. 

Melanoma challenge 
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Mice were administered intradermally with 0.25 million of B16-OVA melanoma cells 

(harvested from in vitro culture) on the back ipsi to the injected draining hock on day 25 

and tumor size was measured every other day. Mice were euthanized when the tumor 

volume reached 1000 mm3 and/ or they experienced reduced mobility around the cage. 

Listeria challenge 

An attenuated Listeria strain (ΔactA) encoding for OVA antigen (Lm-OVA) was used for 

all infectious challenges described in this work. The characterized generation time is 

about 40 min, where an OD of 0.1 corresponds to 1x108 CFU/mL. The day before 

inoculation, Lm-OVA was put in culture in 5 mL of BHI broth (DIFCO cat 237500) with 

10 μg/mL chloramphenicol antibiotic, at 37 0C with shaking. The morning of inoculation, 

the starter culture was diluted 20-fold in BHI broth and shaken at 37 0C for a further 3 h. 

The OD was measured at 600 nm and, using the growth curve, the total amount 

required to inoculate mice at 108 CFU in a volume of 100 μL for each mouse was 

calculated and measured out. Mice received an i.v. injection of 108 CFU of Lm-OVA, via 

the tail vein. The exact inoculation dose was confirmed by preparing serial dilutions of 

the injected dose in BHI broth, plating on BHI-chloramphenicol plates and counting the 

number of Lm-OVA colonies 36 h later. 

Three days post-challenge, the mice were sacrificed and the livers, spleens and s.c. 

LNs (axillary and popliteal) were isolated in a BSL2 facility. Spleens and LNs were 

processed as previously described. Livers were weighed and mashed through 70 μM 

strainers into 50 mL conicals using PBS. They were spun down and resuspended in 5 

mL PBS, 100 μL of which was mixed with 100 μL of 0.14% tergitol solution in PBS. 100 

μL of this mixture was plated on BHI-chloramphenicol plates. Ten-fold further serial 
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dilutions (102-105) of the mixture were made in 0.14% tergitol solution and subsequently 

plated and incubated at 37 0C for 36 h. The plates were then imaged and the colonies 

counted and CFUs quantified using ImageJ software. Bacterial CFUs were calculated 

and normalized per mg of weighed liver for each mouse. 

Generation of bone marrow chimeras 

WT C57BL/6 mice were gamma irradiated with either a sublethal bolus dose of 900 rad 

or two rounds of 450 rad spaced 4 h apart, using a Caesium-137 radiation decay 

source. To prevent radiation-associated morbidity, 1x107 bone marrow cells (that were 

isolated from β2m-/- mice) were injected into each irradiated mouse via a tail vein i.v. 

injection within an hour of the last radiation dose. The bone marrow recipients were bled 

one- and two-weeks following reconstitution, then six weeks after to confirm, using flow 

cytometry, chimerism and the expression of MHCI on APCs present in the control 

WT→WT and experimental β2m-/-
→WT chimeras. 
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Chapter 3 

Synthetically glycosylated antigen induces a tolerogenic endogenous immune 

response, both at the cellular and humoral levels. 

Abstract 

This chapter of the thesis is devoted to understanding the impact of glyco-antigen 

immunization on the endogenous cellular and humoral immune response.  

Keywords: endogenous, cellular, humoral, antibodies. 

Introduction 

Adoptive transfer of antigen-specific transgenic models are useful models for studying 

the antigen-specific response in a controlled and methodic fashion but are not 

representative of endogenous responses. This is because adoptive transfer introduces 

naïve cells present at an artificially higher frequency than normal and usually using 

clones of artificially high avidity to their cognate MHC-peptide complex. These introduce 

experimental artifacts that impede our understanding of the immune response to our 

antigen vector on the endogenous T and B cell repertoire that are ultimately the goal of 

vaccination for immunity or tolerance. Fortunately, in the OVA model antigen model, we 

have pentamer tools available to help us identify OVA-specific cells present in the 

endogenous repertoire of the mice that can respond to our constructs. The pentamer 

technology is, however, only restricted to CD8+ T cells and there is no available MHC 

multimer available to detect OVA-specific CD4+ T cells. In these series of experiments, 

we investigate the impact of immunizing with glycopolymerized antigen on education of 

endogenously present T and B cells. 
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Unadjuvanted immunization with antigen-p(GluNAc) suppresses endogenous antigen-

specific cellular and humoral responses 

We immunized WT BL/6 mice with a single dose of OVA or OVA-p(GluNAc) in all four 

hocks, followed by a challenge with OVA and LPS and evaluation of the T cell response 

3 days following challenge (Fig. 29A). We detected significantly fewer pentamer 

positive (i.e., OVA-specific) CD8+ T cells induced with OVA-p(GluNAc) immunization 

compared with OVA, showing that p(GluNAc) leads to a smaller expansion of effector 

OVA-specific CD8+ T cells in the endogenous repertoire, predictive of a tolerogenic 

response (Fig. 29B). Endogenous CD8+ T cells in the p(GluNAc) group also had a 

significantly reduced KLRG-1 expression compared to OVA or saline controls, indicating 

a lower propensity to differentiate into effectors in response to the challenge (Fig. 29C). 

Even though we were unable to detect OVA-specific CD4+ T cells using multimers, we 

measured their ability to produce inflammatory cytokines upon restimulation with the 

cognate peptide OVA323-339. The frequency of multi-functional CD4+ T cells, i.e., those 

cells with the ability to produce more than one inflammatory type 1 cytokine, was slightly 

blunted, which could suggest suppressed behavior among endogenous CD4+ T cells 

(Fig. 29D). 

 



130 
 

 

Fig 29. Unadjuvanted immunization with antigen-p(GluNAc) suppresses endogenous antigen-
specific CD8+ and CD4+ T cell responses. (A) Experimental timeline for endogenous vaccination 
with OVA or OVA-p((GluNAc)) following a prime-boost schedule. (B) OVA-specific activated 
(Pentamer+CD44+) CD8+ T cells in dLNs. (C) Short-lived effectors (KLRG-1+) CD8+ T cells in dLNs. 
(D) CD4+ T cells that secreted all three cytokines IFNγ, IL-2, TNFα upon restimulation with OVA323-

339. Statistical differences were determined by one-way ANOVA using Tukey’s post hoc test (*p ≤ 
0.05, **p ≤ 0.01, ***p ≤ 0.005). 

 

Next, we used a prime and boost strategy to immunize mice with two identical doses of 

OVA or OVA-p(GluNAc) or saline, four days apart, followed by an OVA and LPS 

challenge three weeks later. We picked these timepoints because prior observations in 

our lab pointed to this closely-spaced schedule as being most effective for tolerance 

induction (Fig. 30A). Also, we challenged mice at a later timepoint to allow us to better 

gauge the endogenous memory response and any effects on the humoral response 

which takes longer to form via germinal center reactions compared with T cell 

responses. Similar to the previous experiment with one-dose immunization, we 

observed a significant decrease in the frequency of pentamer positive CD8+ T cells with 

an effector phenotype induced with OVA-p(GluNAc) compared with OVA, showing that 

p(GluNAc) is suppressive also in a prime-boost strategy (Fig. 30B). Endogenous CD8+ 

T cells educated with OVA-p(GluNAc) and isolated from dLNs exhibited an anergic 

phenotype seen from a diminished ability to produce IL-2 upon restimulation with 

OVA257-264 (Fig. 30C). Abrogated IL-2 secretion was also observed with endogenous 
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CD4+ T cells (Fig. 30D), showing that p(GluNAc) can act to suppress both CD4+ and 

CD8+ T cells in the LNs. A similar response was observed in the spleen where 

endogenous CD4+ T cells demonstrated a severely diminished ability to produce IFNγ 

(Fig. 30E), TNFα (Fig. 30F) and a combination of all three inflammatory cytokines 

including IFNγ, IL-2 and TNFα in the spleen upon restimulation with OVA323-339 (Fig. 

30G).  

 

Fig 30. Unadjuvanted immunization with antigen-p(GluNAc) abrogates an endogenous 
polyfunctional T cell response upon an inflammatory antigenic challenge. (A) Experimental 
timeline for long-term endogenous vaccination prime-boost schedule with OVA or OVA-
p(GluNAc), followed by a challenge with OVA and LPS, to evaluate the memory response at day 
31. (B) OVA-specific activated (pentamer+CD44+) CD8+ T cells in dLNs. (C) IL-2+ CD8+ T cells in 
LNs upon restimulation with OVA257-264. (D) IL-2+ CD4+ T cells in LNs upon restimulation with 
OVA323-339. (E) IFNγ+ CD4+ T cells in spleen upon restimulation (F) TNFα+ CD4+ T cells in spleen 
upon restimulation. (G) CD4+ T cells that secreted all three cytokines IFNγ, IL-2 and TNFα upon 
restimulation in spleen. Statistical differences were determined by one-way ANOVA using Tukey’s 
post hoc test (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.005). 

 

Following this same experimental timeline, we asked whether OVA-p(GluNAc) 

immunization had an impact on the humoral immune response, measured by OVA-

specific antibody production in the serum of these mice at days 4, 10 and 30 using 

ELISA (Fig. 31A). No substantial titers were measured at day 4 because it was too 

early for any detectable germinal center reaction to take place such that all titers 

reported in this section are from days 10 and 30 of the experiment (Fig. 31B). An 
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interesting observation was the difference in kinetics where OVA-specific total IgG 

decreased by one whole log-fold in the OVA group but had the opposite effect of 

increasing in the OVA-p(GluNAc) group (Fig. 31B). This differential kinetics can be 

broken down into the individual analysis of kinetics for IgG1 and IgG2b where OVA-

p(GluNAc) saw modest increases in titer (Fig. 31C, D) and also in IgG2c where OVA 

induced titers saw a decrease (Fig. 31E). Nevertheless, all OVA-specific antibody titers 

were significantly suppressed in the p(GluNAc) group, compared with OVA, indicating 

strong humoral tolerance (Fig. 31F-I). This strong suppression in OVA-specific antibody 

production was seen as early as day 10 and as late into the response at day 30 in total 

IgG (Fig. 31F), IgG1 (Fig. 31G), IgG2b (Fig. 31H), IgG2c (Fig. 31I), indicating 

suppression at the level of several antibody subtypes and the maintenance of 

suppressive memory. 
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Fig 31. Unadjuvanted immunization with antigen-p(GluNAc) severely suppresses the 
endogenous B cell response. (A) Experimental timeline showing long-term memory evaluation of 
endogenous vaccination response, with a focus on the humoral response. (B) Titers of anti-OVA 
IgG antibody measured in the serum of mice by ELISA at days 4, 10 and 30. (C) Titers of anti-
OVA IgG1 antibody measured in the serum of mice by ELISA at days 10 and 30. (D) Titers of 
anti-OVA IgG2b antibody measured in the serum of mice by ELISA at days 10 and 30. (E) Titers 
of anti-OVA IgG2c antibody measured in the serum of mice by ELISA at days 10 and 30. (F)  
Detailed comparison of the anti-OVA IgG titers between groups at day3 10 (top) and 30 (bottom). 
(G) Detailed comparison of the anti-OVA IgG1 titers between groups at days 10 (top) and 30 
(bottom). (H) Detailed comparison of the anti-OVA IgG2b titers between groups at days 10 (top) 
and 30 (bottom). (I) Detailed comparison of the anti-OVA IgG2c titers between groups at days 10 
(top) and 30 (bottom).  Statistical differences were determined by one-way ANOVA using Tukey’s 
post hoc test (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.005). 

 

Glyco-conjugated antigen immunized with poly(I:C) adjuvant leads to more effective 

vaccination responses in vitro and in vivo 

Our earlier vaccination experiments aiming to provoke a more effective immunization 

and memory recall response with the glycopolymerized antigen led us to select a potent 
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adjuvant. Ideally, we would have antigen-p(GluNAc) or p(Gal) polymerized in the same 

backbone as the polymeric adjuvant as was done with pMan-TLR7 (193) but that 

material was not available. Moreover, human LECs do not express TLR7/8, which made 

translation for a LEC targeting platform difficult (194). Instead, we picked poly(I:C) (PIC), 

a TLR3 agonist, which is highly expressed on both LECs and DCs, rationalizing the 

glycopolymer as the unique modulatory method in the presence of the same adjuvant. 

Additionally, high molecular weight PIC is a better TLR3 agonist than low molecular 

weight PIC, informing our choice for the use of the high molecular weight version (195).  

 

We first validated the use of PIC, acquired from two vendors (Invitrogen or Adipogen) 

on the stimulation of BMDCs or primary mouse LECs through an in vitro dose response 

study. We stimulated these two cell types separately with increasing doses of PIC, 

back-calculated at the doses they would have been used in vivo, i.e., 2, 5, 10, 20 and 

30 μg per mouse, for a total of 6 h with BMDCs or 18 h with LECs based on previous in 

vitro culture optimization studies, and added naïve CFSE-labeled OTI CD8+ T cells at a 

1:3 ratio to the stimulated cells. The OTI CD8+ T cell phenotype was evaluated three 

days later. OTI CD8+ T cells proliferated under all conditions with stimulated BMDCs 

and no significant differences were noted between vendor-specific PIC versions; the 

proliferation was highest at the 5 and 10 μg doses (Fig. 32A). The culture supernatant 

was collected after the 3-day culture to measure the level of IFNγ produced using 

ELISA, and highest production was obtained with 10 μg of PIC (Fig. 32B). There was 

no difference in OTI proliferation caused by stimulated LECs but the higher central 

memory differentiation compared with effector cells was conserved at all doses (Fig. 
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32C). However, at the 10 μg dose, the proportion of OTI CD8+ T cells that were 

apoptotic, measured by positive Annexin V expression, was significantly lower such that 

increasing the dose had not further effect on the apoptotic phenotype of the cells (Fig. 

32D). Thus, the 10 μg dose represented a good compromise for in vivo use at the level 

of proliferation, effector differentiation and survival. 

 

Fig 32. Optimal proliferation, effector differentiation, and survival of antigen-specific CD8+ T cells 
occurs at a PIC dose of 10 μg in vitro. (A) PIC dose-dependent BMDC-educated OTI CD8+ T cell 
proliferation. (B) PIC dose-dependent IFNγ secretion by BMDC-educated OTI CD8+ T cells. (C) 
PIC dose-dependent LEC-educated differentiation of OTI CD8+ T cells into effector or central 
memory. (D) PIC dose-dependent Annexin V expression by LEC-educated OTI CD8+ T cells. 

 

We conducted an in vivo endogenous vaccination experiment where we immunized 

mice and boosted two weeks later with either saline, OVA, OVA-p(GluNAc) or OVA-

p(Gal), and sacrificed mice five days post-boost to assess the endogenous immune 

response to the immunization. All OVA groups included a 20 μg dose of the OVA 

antigen with the optimized 10 μg dose of the high molecular weight PIC (Fig. 33A). We 

also bled mice on days 13 and 19 to measure the antibody response to our vaccination 

regimen. At day 13, all OVA groups had induced upwards of titers of 6-7 of anti-OVA 

IgG antibodies in the serum of mice, but with small differences across groups; OVA-

p(GluNAc) was better than OVA-p(Gal) at inducing a humoral response (Fig. 33B). The 

titers slightly evolved over the course of another week, abolishing the difference 
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between OVA-p(GluNAc) and OVA-p(Gal) at day 19 (Fig. 33C). All OVA groups 

resulted in a similar induction of OVA-specific pentamer+ CD8+ T cells, as well as 

pentamer+ cells that were in an effector state in the LN (Fig. 33D, E). However, in the 

spleen, OVA-p(GluNAc) was more effective at inducing a systemic OVA-specific CD8+ T 

cell response from a higher fraction of pentamer+ cells and effector pentamer+ cells 

produced (Fig. 33F, G). Overall, OVA-p(GluNAc) generated a more activated 

(CD44+CD62L-) endogenous CD8+ T cell reservoir in response to the immunization 

boost in the LN (Fig. 33H). This trend was mirrored in the spleen where the OVA-

p(GluNAc) was almost significantly higher than with OVA alone (Fig. 33I). There was no 

difference in cytokines produced by endogenous CD8+ T cells (not shown) but in the 

endogenous CD4+ T cell compartment, highest cytokine production (IFNγ, IL-2, TNFα) 

was observed with OVA-p(Gal )in the LN (Fig. 33J) and spleen (Fig. 33K). These data 

showed that when paired with an adjuvant such as PIC, glycopolymerized antigen can 

be used to expand a pool of antigen-specific endogenous CD8+ T cells and boost 

functional effector cells and antibody titers, especially in the spleen.  
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Fig 33. Glyco-conjugated antigen immunized s.c. with poly(I:C) adjuvant leads to more effective 
endogenous vaccination responses in vivo. (A) Experimental timeline. (B) Anti-OVA IgG titer at 
day 13. (C) Anti-OVA IgG titer at day 19. (D) LN OVA-specific pentamer+ CD8+ T cells at time of 
sac on day 19. (E) LN OVA-specific pentamer+ effector CD8+ T cells at day 19. (F) Splenic OVA-
specific pentamer+ CD8+ T cells time at day 19. (G) Splenic OVA-specific pentamer+ effector CD8+ 
T cells at day 19. (H) LN effector CD8+ T cells. (I) Splenic effector CD8+ T cells. (J) Polyfunctional 
CD4+ T cell response upon restimulation with OVA323-339 peptide in the dLNs. (K) Polyfunctional 
CD4+ T cell response upon restimulation with OVA323-339 peptide in the spleen. 

 

Glycopolymerized antigen injected subcutaneously with poly(I:C) adjuvant leads to rapid 

clearance from the draining lymphatics into systemic circulation 

To gain a better understanding of the mechanisms underlying enhanced vaccination 

responses observed with glycopolymerized immunization with PIC adjuvant, we 

conducted a biodistribution study where we injected mice s.c. in all hocks with 10 μg 

each fluorescently labeled (AF647+) OVA construct, unmodified or conjugated, with 10 

μg PIC, and evaluated the distribution in various organs 12 h post-immunization. This 

PIC dose was found to be most effective after the dose optimization studies presented 



138 
 

earlier. The antigen dose was, however, lower than what we injected for in our 

vaccination studies due to material limitations. OVA delivered in all forms was detected 

in the LNs at that timepoint, but to a higher extent in the axillary and popliteal LNs that 

were determined to be the direct draining LNs (dLNs) for future immunization studies 

(Fig. 34A). Substantial fluorescent signal was also detected in the livers injected with 

the various OVA constructs, and was highest for OVA-p(GluNAc) and lowest for OVA-

p(Gal) at the same injected dose (Fig. 34B). The OVA constructs had not escaped to 

other systemic organs such as the heart (Fig. 34C), lungs (Fig. 34D), spleen (Fig. 34E) 

and kidneys (Fig. 34F). Notably, there was no significant difference in LN fluorescence 

detected across groups but the liver fluorescence was significantly higher for OVA-

p(GluNAc) (Fig. 34G). This was also the group that had the highest difference in the 

amount accumulated in the LNs vs that escaped systemically into the liver (Fig. 34G). It 

made sense that OVA-p(GluNAc) would accumulate in the liver after escaping because 

the glycosylations make it prone to being taken up efficiently by hepatic APCs (24). 

OVA-p(GluNAc) was also detected to significantly high levels in the blood of mice, 

showing that it had leaked from the skin-draining peripheral lymphatics into the blood 

before getting preferentially taken up by the liver (Fig. 34H). These data also suggest 

that the addition of the adjuvant can impact the clearance kinetics of the conjugate to 

promote escape from the lymphatics into the periphery, something that can be 

leveraged in vaccination (196). 
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Fig 34. Glyco-conjugated antigen injected s.c. with poly(I:C) adjuvant leads to rapid clearance 
from the draining lymphatics into systemic circulation. Mice were injected with either 10 μg OVA647, 
OVA647-p(Man), OVA647-p(GluNAc) or OVA647-p(Gal )with 10 μg PIC, or saline controls, and were 
sacrificed 12 h later to assess organ biodistribution via IVIS imaging. (A) Average radiant 
efficiency of dLNs. (B) Average radiant efficiency of livers. (C) Average radiant efficiency of hearts. 
(D) Average radiant efficiency of lungs. (E) Average radiant efficiency of spleens. (F) Average 
radiant efficiency of kidneys. (G) Average radiant efficiency quantified across LNs and livers. (H) 
AF647 fluorescence of blood samples, measured using a plate reader with an excitation 
wavelength of 630 nm and emission wavelength of 670 nm. Statistical differences were 
determined by one-way ANOVA using Tukey’s post hoc test (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.005). 

 

Discussion 

These studies performed in immune-sufficient mice demonstrate that inverse 

vaccination with glyco-conjugated antigen is capable of inducing a tolerogenic response 

in the endogenous immune compartment. This effect was seen at both the T cell level 
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from a suppression in antigen-specific cells and inflammatory cytokine secretion upon 

restimulation, and at the B cell level from a severe abrogation in antibody production. 

Antigen-specific antibodies were broadly suppressed in both IgG1 and IgG2 subtypes, 

indicating that this strategy can be effective in promoting tolerance to both infectious 

and allergic challenges. It would be of interest to evaluate the impact on antigen-specific 

IgE antibodies in future studies. The humoral response was increasingly down-

regulated over time post-immunization, suggesting that memory B cells were likely 

affected. Further changes in B cell populations will help answer this question. The 

induced tolerogenic response was reversed by immunizing with an adjuvant, showing 

that glyco-conjugated antigen can also be used as an improved antigen delivery method 

in a vaccination context.  
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