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Abstract
Triple negative breast cancer (TNBC) is a significant clinical problem to which immunotherapeutic strategies have been 
applied with limited success. Using the syngeneic E0771 TNBC mouse model, this work explores the potential for antitumor 
 CD8+ T cell immunity to be primed extratumorally in lymphoid tissues and therapeutically leveraged.  CD8+ T cell viability 
and responses within the tumor microenvironment (TME) were found to be severely impaired, effects coincident with local 
immunosuppression that is recapitulated in lymphoid tissues in late stage disease. Prior to onset of a locally suppressed 
immune microenvironment, however,  CD8+ T cell priming within lymph nodes (LN) that depended on tumor lymphatic 
drainage remained intact. These results demonstrate tumor-draining LNs (TdLN) to be lymphoid tissue niches that support 
the survival and antigenic priming of  CD8+ T lymphocytes against lymph-draining antigen. The therapeutic effects of and 
 CD8+ T cells response to immune checkpoint blockade were furthermore improved when directed to LNs within the tumor-
draining lymphatic basin. Therefore, TdLNs represent a unique potential tumor immunity reservoir in TNBC for which 
strategies may be developed to improve the effects of ICB immunotherapy.

Keywords Triple-negative breast cancer · Lymph nodes · Tumor dissemination · Immune checkpoint blockade · T cell 
priming · Drug delivery

Introduction

Breast cancer is the most common cancer among women 
worldwide [1, 2] making it a significant public health threat. 
Triple negative breast cancer (TNBC) is the most aggressive 
breast cancer type with the poorest outcomes due to its high 
propensity to metastasize and limited available treatment 
modalities [3]. As such, there is a clear need for improved 
therapies to treat TNBC. Immunotherapy has emerged as 
one of the most promising strategies to combat TNBC due 
to its potential to treat focal as well as disseminated dis-
ease and the fact that TNBC is a relatively immunogenic 
breast cancer type. Immune checkpoint blockade (ICB) is 
an immunotherapy class that can re-energize anergic and 
exhausted T cells by inhibiting signaling that dampens the 
cytotoxic functions of T lymphocytes [4]. Atezolizumab, a 
mAb against programmed cell death (PD) ligand 1 (PDL1) 
[5] is the only currently approved ICB strategy for a sub-
set of TNBC patients [6]. However, rates of response are 
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severely limited overall (~ 16%) [6]. Improving immuno-
therapy therefore represents a critical hurdle to diminishing 
TNBC mortality.

Although its effects are elicited within the tumor micro-
environment (TME), antitumor immunity in TNBC can 
appear extratumorally [7–9]. This suggests the potential 
for approaches leveraging such extratumoral microenviron-
ments to improve ICB. To this end, secondary lymphoid tis-
sues, including spleens and lymph nodes (LNs), are organs 
that house a substantial fraction of the cells of the adap-
tive immune system and are specialized to facilitate antigen 
presentation and lymphocyte priming, activation, and expan-
sion [10, 11]. Lymphoid tissues of TNBC patients have been 
shown to house tumor-specific lymphocytes [7], although 
whether these cells locally expand in response to antigen 
or infiltrate after antigenic priming elsewhere remains ill-
defined. Although spleens access antigen in the circulation, 
sampling of antigen within LNs is facilitated by the transport 
functions of the lymphatic system. Lymph, which contains 
solute and small, nanoscale particulate (10–50 nm)-laden 
interstitial fluid, is formed in the periphery and is drained 
through lymphatic vessels into downstream LNs where it is 
accessed by resident antigen presenting cells [12–17]. Anti-
gen presenting cells within peripheral tissues also facilitate 
antigen access by phagocytosing antigen and migrating 
to these draining LN (dLN) where they can interact with 
lymphocytes [18–21]. Whether splenic access to tumor-
derived factors in the circulation and lymphatic transport 
from mammary tissue to LNs are influenced by malignancy 
to regulate the lymphoid tissue immune microenvironment, 
however, is poorly understood. Moreover, lymphoid tissues, 
like the TNBC TME, have been reported to be immuno-
suppressed: regulatory T cells (Tregs) and myeloid-derived 
suppressor cells (MDSC) are increased in the TME and pre-
metastatic TdLN environments of TNBC patients [22–26]; 
dendritic cells (DCs) and effector T cells also tend to be 
dysfunctional in the human TNBC TME [27, 28]. However, 
increased quantity and quality of  CD8+ T cell infiltration 
into the tumor increases survival [29–31], and enhanced 
 CD8+ T cell-DC interactions with the TdLN are associated 
with enhanced survival in TNBC patients [32]. Likewise, 
TdLN-resident macrophages have been shown to enhance 
antitumor responses in TNBC [9]. The potential for lym-
phoid tissues to not only access tumor antigen but facilitate 
priming of tumor-specific immunity that has functional anti-
tumor effects thus remains poorly defined.

Herein, the potential for lymphoid tissues to support 
extratumoral lymphocyte priming was evaluated in the syn-
geneic mouse model of E0771 TNBC. The results suggest 
that despite TNBC disease that manifests in TME-localized 
immune suppression and disrupts tumor vascular functions 
that regulate antigen access to antigen presenting cells, LNs 
within the tumor lymphatic drainage basin, e.g., TdLNs, are 

lymphoid tissue niches that support the survival and anti-
genic priming of  CD8+ T lymphocytes. TdLNs therefore 
represent a unique potential tumor immunity reservoir that 
when therapeutically targeted can improve the effects of ICB 
immunotherapy.

Materials and methods

Cell culture E0771 and E0771-OVA (kind gift of Dr. Zach-
ary Harman, Duke University) mouse mammary carcinoma 
cells were cultured in Dulbecco’s Modified Eagle Medium 
with 10% heat-inactivated fetal bovine serum and 1% peni-
cillin/streptomycin/amphotericin B from Life Technologies 
(Carlsbad, CA, USA), the latter with the addition of 1 µg/mL 
puromycin (Gibco Laboratories, Gaithersburg, MD, USA).

Animal tumor models C57/Bl6 (either CD45.2 or CD45.2) 
mice were purchased at 6 week of age from the Jackson 
laboratory (Bar Harbor, Maine, USA). All protocols were 
approved by the Institutional Animal Care and Use Com-
mittee. The hair on the skin over the fourth (inguinal) mam-
mary fatpad was removed using depilatory cream (Church 
& Dwight, Ewing Township, NJ, USA) and cleaned using 
warm water and ethanol wipes. For tumor-bearing cohorts, 
0.5 × 106 E0771 or E0771-OVA cells were injected into the 
fourth (inguinal) mammary fatpad of 6–8 week old mice 
on day 0. Tumor dimensions were measured with calipers 
in three dimensions and reported as an ellipsoidal volume.

Flow cytometry analysis Excised LNs were incubated 
in 1  mg/mL Collagenase D (Sigma-Aldrich) in D-PBS 
with calcium and magnesium for 75 min at 37 °C, passed 
through a 70 µm cell strainer (Greiner Bio-One, Monroe, 
NC, USA), washed, and resuspended in a 96 well plate 
(VWR International, Inc.) for staining. Spleen capsules 
were disrupted using 18G needles and the cells suspension 
was passed through a 70-µm cell strainer, pelleted by cen-
trifuging at 350G for 5 min then incubated with red blood 
cell lysis buffer (Sigma-Aldrich) for 7 min at room tempera-
ture, diluted with D-PBS, washed, and resuspended in 1 mL 
D-PBS. 50 µL of the resulting solution was plated for stain-
ing. Tumors and mammary fatpad tissues were mechanically 
disrupted using 18 G needles, then incubated in 1 mg/mL 
collagenase D (Sigma-Aldrich) in D-PBS with calcium and 
magnesium for 4 h at 37 °C, passed through a 70 µm cell 
strainer (Greiner Bio-One), washed with D-PBS, pelleted, 
and plated. All antibodies for flow cytometry were from Bio-
legen, Inc. (San Diego, CA, USA). Cells were blocked with 
antimouse CD16/CD32 (2.4G2) (Tonbo Biosciences, San 
Diego, CA, USA) for 5 min on ice, then washed. Cells were 
stained with fixable viability dye Zombie Aqua (1:100, Bio-
legend, Inc.) for 30 min at room temperature, then washed 
with D-PBS with calcium and magnesium. Antibodies were 
prepared in flow cytometry buffer (D-PBS with calcium and 
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magnesium + 1% bovine serum albumin (Sigma-Aldrich) 
at the following dilutions based on preliminary titrations: 
PerCP-Cy5.5 antimouse CD45.2 (1.25:100) or BV711 anti-
mouse CD45.2 (1.25:100), PerCP antimouse CD3 (2.5:100) 
or BV711 antimouse CD3 (1.25:100), APC-Cy7 antimouse 
CD8 (2.5:100), AF700 antimouse CD25 (1:100), BV786 
antimouse PD-1 (1.25:100), PE-Cy7 antimouse CD39 
(5:100), BV605 antimouse Tim3 (1.25:100), and BV421 
antimouse CD44 (5:100). Cells were incubated with anti-
body solution for 30 min on ice in the dark, then washed 
with flow cytometry buffer. Cells were fixed and permeabi-
lized using Foxp3/Transcription Factor Staining Buffer Set 
(Thermo Fisher Scientific, Inc.) per manufacturer instruc-
tions. Tcf1 staining solution was made using PE antimouse 
Tcf1 (Beckton Dickinson) at a concentration of 1.25:100 
in permeabilization buffer. Cells were resuspended in Tcf1 
staining solution and incubated for 75 min on ice in dark, 
then washed with flow cytometry buffer. Cells were resus-
pended in flow cytometry buffer and kept at 4 °C until ana-
lyzed with a customized BD LSRFortessa (BD Biosciences). 
Compensation was performed using UltraComp and ArC 
compensation beads (Thermo Fisher Scientific, Inc.), and 
the data analyzed using FlowJo software v10 (FlowJo, LLC, 
Ashland, OR, USA).

CD8+ T cell isolation OT-I animals were purchased 
from Charles River Laboratories (Lyon, France) and bred 
in-house. OT-I animals were sacrificed and the spleens har-
vested and disrupted using 18G needles followed by wash-
ing with D-PBS. Cells were passed through a cell strainer 
(Greiner Bio-One, Monroe, NC, USA), washed with D-PBS, 
and incubated with ACK Lysing Buffer (Lonza Group AG, 
Basel, Switzerland) for 60 s at room temperature, quenched 
with D-PBS, washed with D-PBS, and resuspended for 
counting. Cells were resuspended at  108 cells/mL buffer (2% 
bovine serum albumin in D-PBS), blocked with Normal Rat 
Serum, and mixed with  CD8+ T cell isolation antibody cock-
tail (Stem Cell Technologies, Vancouver, Canada), followed 
by streptavidin-coated magnetic beads (Stem Cell Technolo-
gies, Vancouver, Canada). Buffer was added to the mixture, 
and placed in a magnet (Stem Cell Technologies, Vancou-
ver, Canada), and the supernatant collected. Cells were then 
counted and resuspended in carboxyfluorescein succinimidyl 
ester (CFSE; Life Technologies), and then quenched with 
RPMI 1640 medium (Life Technologies) containing 10% 
heat-inactivated fetal bovine serum (Life Technologies). 
Purity, viability, and CFSE loading were confirmed via 
flow cytometry on a customized LSRFortessa flow cytom-
eter (Becton Dickinson, Franklin Lakes, NJ, USA) before 
adoptive transfer.

Adoptive transfer Isolated  CD8+ T cells were suspended 
in sterile saline at a concentration of 1 × 106 cells/200 
µL sterile saline. The hair over the neck of the mice was 
removed using depilatory cream, cleaned using warm water, 

and ethanol wipes, and suspended cells injected intrave-
nously (i.v.) via the jugular vein.

Micro-computed tomographic imaging Animals were 
perfused with saline at the heart followed by neutral buff-
ered formalin (Thermo Fisher Scientific, Inc.) for 10 min, 
then with saline to rinse, and lastly MicroFil (Flow Tech 
Inc., Carver, MA) catalyzed at a viscosity appropriate for 
small vessels (5 mL lead-based contrast agent: 2.5 mL 
diluent: 0.25 mL curing agent). Afterwards, perfused mice 
were carefully stored at 4 °C overnight to cure the contrast 
agent. The following day, mammary fatpad or tumor sam-
ples were harvested and stored in D-PBS. Microcomputed 
tomographic imaging was accomplished using a SCANCO 
Medical µCT50 (SCANCO USA, Inc., Wayne, PA, USA). 
µCT image slices were constrained using manual selection 
of the sample outline and processed with a Gaussian filter 
at a consistent global threshold via the SCANCO Medical 
µCT Evaluation Program before 3-dimensional reconstruc-
tion [33].

Enzyme-linked immunosorbence assay The R&D Systems 
DuoSet ELISA kit (Minneapolis, MN, USA) was used for 
ELISA assays. In brief, Nunc MaxiSorp high affinity plates 
(Thermo Fisher, Inc.) were incubated with capture antibody 
overnight at room temperature. The plate was washed with 
0.05% tween (Sigma-Aldrich) in D-PBS (wash buffer), and 
then blocked with 1% bovine serum albumin in D-PBS (rea-
gent diluent). Plates were washed, and 100uL sample diluted 
in reagent diluent were added to each well and incubated for 
2 h at room temperature, then washed. The detection anti-
body was added to each well and incubated for 2 h at room 
temperature, then washed. Streptavidin–HRP was added to 
each well and allowed to incubate for 20 min at room tem-
perature, followed by addition of substrate solution (R&D 
Systems, Minneapolis, MN, USA). 2 N sulfuric acid (VWR 
Chemicals BDH, Radnor, PA, USA) was used to stop the 
reaction, and the absorbance read at 450 nm, 540 nm, and 
570 nm on a BioTek Synergy H4 Hybrid Multimode Micro-
plate Reader (Winooski, VT, USA).

Fluorescent tracers 500 nm red fluorescent (580/605 exci-
tation/emission) carboxylate-modified microspheres were 
purchased from Thermo Fisher Scientific, Inc. 10,000 Da 
(Dalton) Alexa Fluor 647 dextran was purchased from 
Thermo Fisher Scientific, Inc. 500,000 Da amino-dextran 
(Thermo Fisher Scientific, Inc.) was covalently labeled by 
incubation with Alexa Fluor 700-NHS-Ester dye (Thermo 
Fisher Scientific, Inc.) in 0.1 M  NaHCO3 at pH 8.4 for 4 h 
on a tube rocker. AF700 dextran–dye conjugates were puri-
fied from unreacted free dye by Sepharose CL-6B gravity 
column chromatography after conjugation. Purified dex-
tran–fluorophore conjugates were further confirmed free of 
unconjugated dye by a second Sepharose CL-6B column 
analysis [16]. All reagents were used and maintained under 
sterile conditions. Hydrodynamic sizes were confirmed 
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pre-injection by dynamic light scattering using a Zetasizer 
Nano ZS (Malvern Instruments, Ltd., Malvern, U.K.).

Tracer injections Fluorescent tracers suspended in saline 
were co-infused by syringe pump at a rate of ~ 300 nL/s 
directly into the center of the tumors for tumor-bearing 
groups, or into the mammary fatpad for naïve groups, using 
a 31 gauge needle while mice were under anesthesia using 
isoflurane. 500 nm red fluorescent microspheres (19 pM), 
30 nm AF700 (4.8 µM), and 10 nm AF647 dextran (4.8 µM) 
were co-infused in 20 µL of saline total. Mice were eutha-
nized via  CO2 asphyxiation at the prescribed times post-
tracer injection for each experiment.

Tracer biodistribution analyses At 4, 24, and 72-h post-
tracer injection, mice were sacrificed and the tumor or mam-
mary fatpad injection site, mammary fatpad-draining and 
contralateral non-draining inguinal and axillary LNs, spleen, 
lungs, liver, and kidneys were harvested and homogenized 
with a FastPrep-24 Automated Homogenizer. Whole tissue 
homogenate fluorescence was measured with a Synergy H4 
BioTek plate reader (BioTek Instruments, Inc., Winooski, 
VT, USA), compensation was applied, and fluorescent tracer 
amounts, and concentrations were calculated from standard 
curves made by spiking individual tissue homogenates with 
tracer solution.

LN mapping Naïve or day 11 E0771-bearing C57/Bl6 
mice were injected with 30 nm AF647 dextran in the center 
of the tumor or the fourth (inguinal) mammary fatpad. Ani-
mals were sacrificed 24 h later, and LNs imaged on a LI-
COR Odyssey imaging system (Lincoln, NE, USA).

mAb biodistribution aPD1 mAb was mixed with either 
N-hydroxysuccinimide ester-AlexaFluor610, AlexaFluor647, 
or AlexaFluor700 (Thermo) at 6 molar excess for 6 h. Fluo-
rophore-labeled mAbs were cleaned of free dye using 7 kDa 
MWCO Zeba spin columns, suspended in sterile saline, 
and mAb concentration determined by bicinchoninic acid 
assay (Thermo). Mice were intradermally (i.d.) injected in 
the forearm or flank or alternatively i.v. via the jugular vein 
with each of the three dye-labeled mAb, varying the site of 
each dye with each mouse, to ensure that labeling did not 
impact accumulation. 24 h after administration, the inguinal, 
axial, and brachial LNs contralateral and ipsilateral to the 
i.d. injection site was excited, homogenized, and fluores-
cence analyzed as described above.

Therapeutic evaluation E0771 tumors were implanted on 
day 0 and measured using calipers every 48 h beginning at 
day 3. On day 11 of tumor growth, 100 µg of aPD1 mAb 
(BioXCell) was administered in one of three injection routes: 
i.d. in the flank to target the inguinal (primary) TdLN, i.d. in 
the forearm to target the axial (secondary) TdLN, or i.v. via 
the jugular vein. Isotype control mAb was administered i.d. 
in the flank in control animals. Animals were randomized 
and researchers blinded until sacrifice 5 d later, when lym-
phocytes were analyzed as described above.

Statistical analysis The data are represented as the mean 
accompanied by SEM, and statistics were calculated using 
GraphPad Prism 6, 7, and 8 software (GraphPad Software, 
Inc., La Jolla, CA, USA). Statistical significance was defined 
as p < 0.05, 0.01, 0.005, and 0.001, respectively, unless oth-
erwise specified. Area under the curve (AUC) was calculated 
using the built-in Prism analysis tool.

Results

E0771 mammary tumor growth is associated 
with TME‑localized immune suppression 
and vascular remodeling

Quantities of various TILs within E0771 tumors implanted 
in the mammary fatpad were evaluated at various stages of 
E0771 tumor progression (Fig. 1a). Lymphocytes  (CD45+), 
particularly T cells, infiltrated the TME at early stages, but 
their numbers within the TME progressively decreased dur-
ing tumor growth (Fig. 1b), in line with reports of initial 
immune responses in human patients deteriorating in late-
stage disease [28]. At these later tumor stages, however, 
the number of PDL1 expressing  CD45+ and  CD45− cells 
within the TME were strongly increased (Fig. 1c), a trend 
recapitulating those seen in advanced human disease [34, 
35]. Total DC  (CD45+CD11c+B220−CD3−) levels within 
the TME trended towards a reduction in infiltration at all 
analyzed stages (Fig. 1b), whereas Treg and MDSC levels 
increased significantly (~ tenfold higher) relative to the naïve 
tissue (Fig. 1c).

Priming of tumor antigen-specific  CD8+ T cells (Fig. S1) 
was evaluated in two stages of E0771 tumor growth in order 
to delineate the influence of disease stage on TME-local-
ized antitumor immunity. As such, CFSE labeled OT-I cells 
were adoptively transferred into CD45.1 animals bearing 
E0771-OVA tumors at either early (d7) or late (d21) stage 
(Fig. S2). Tracing of proliferative response by monitoring 
CFSE dilution revealed tumor antigen-specific proliferation 
of tumor-infiltrating T cells to be attenuated in d21 as com-
pared to d7 tumors (Fig. 1d, e), peaking at 3 generations 
(three divisions) for d7 tumors and 1 generation (1 division) 
for d21 tumors 96 h post-adoptive transfer. Cell viability of 
all proliferating cells was also severely diminished at both 
tumor stages (Fig. 1d, f). Cells that had not proliferated (G0) 
were more likely to remain viable (Fig. 1f), indicating that 
activation or proliferation processes contributed to cell death 
in this tissue [36–38]. Unproliferated, tumor antigen-spe-
cific  CD8+ T cells in d21 tumors also exhibited significantly 
reduced viability as compared to those infiltrating d7 tumors 
(Fig. 1f), further demonstrating the suppressive environment 
in late stage tumors. Thus, tumor-antigen-specific T cells in 
the TME show limited proliferation and low viability which 
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progressively worsens with disease progression, coinciding 
with localized immunosuppression (Fig. 1c).

Remodeling of the tumor vasculature, another cancer 
hallmark [39, 40], in the E0771 model was also evalu-
ated. uCT analyses of perfused tumors at various times 
post-implantation revealed the vasculature to expand 
throughout tumor development and progression (Fig. 2a), 
as indicated by measured vascular volume (Fig. 2b), sur-
face area (Fig. 2c), and relative vascular volume compared 
to total tissue volume (Fig. 2d), and most substantially so 
in late stage (d21) disease. These changes were accom-
panied by an increase in tumor levels of vasoendothelial 

growth factor-A (VEGF-A), an angiogenic growth factor 
both broadly implicated in neoangiogenesis and the regu-
lation of vascular permeability [41–44] as well as highly 
expressed and associated with poor survival in TNBC 
[45–47] (Fig. 2e). The mammary fatpad concentration of 
VEGF-C, a lymphangiogenic growth factor that modulates 
lymphatic drainage functions [48, 49] and in melanoma 
has been implicated in regulating immune microenviron-
ments [50], also decreased with the presence of a tumor, 
but did not progressively diminish with disease progres-
sion (Fig. 2f). The tumor vasculature of TNBC E0771 

Fig. 1  The tumor immune microenvironment remodels through-
out E0771 disease progression and supports poor priming and 
viability of tumor antigen-specific CD8 + T cells. a E0771 tumor 
growth after implantation in the 4th mammary fatpad. b, c Num-
ber of major [CD45+; DC, CD45+CD11c+B220−CD3−; B cells 
(CD45+B220+CD11c−CD3−); T cells (CD45+CD3+B220−)] (b) 
and immunosuppressive [PDL1+CD45+; PDL1+CD45−; MDSC 
(CD45+CD11b+Gr1+); Tregs (CD45+CD3+B220−CD4+CD8−

FoxP3+CD25+)] (c) immune cell subsets in TME. Representative 
CFSE versus live/dead staining (d) and quantification of number of 
live (e) and % viable (f–g) CD45.2+CD3+CD8+ donor T cells adop-
tively transferred OT-I cells within TME in each proliferative genera-
tion in d7 (i) or 21 (ii) CD45.1 E0771-OVA tumor-bearing mice 48 
(d–f) or 96 (g) h post-transfer. *Significance by two-way ANOVA 
with Tukey comparison; #Significance against theoretical value of 1.0 
by one-sample t test; n = 5–6 mice
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tumors thus concurrently remodels with the tumor immune 
microenvironment throughout disease progression.

E0771 disease progression effects on lymphoid 
tissue immune microenvironments and molecular 
dissemination from the TME

Given the potential for the complex molecular and cellular 
crosstalk between tumors and lymphoid tissues [7, 9, 12, 
16, 32, 51–55] to be influenced by tumor vascular remod-
eling (Fig. 2) and reports of immune suppressive features 
in lymphoid tissues and in circulation of human patients 
[22–26], the immune microenvironments of lymphoid 

tissues in the E0771 model were evaluated. First, map-
ping of the mammary fatpad drainage was performed by 
tracing of fluorescent signal of injected fluorescent tracer 
(Fig. S3) into various LNs, which identified inguinal LNs 
ipsilateral to the mammary fatpad as the sentinel (primary) 
TdLN (Fig. S4). Major cell subtypes in this TdLN or the 
non-draining contralateral inguinal LN (NdLN) as well as 
spleen were found to remain largely unchanged through-
out tumor progression (Fig. 3a–c). In the TdLN, however, 
levels of cells exhibiting immune suppressive phenotypes, 
including MDSCs, Tregs, and PDL1 expressing  CD45+ 
cells, remained relatively consistent across disease stage 
(Fig. 3d). However, the abundance of  PDL1+CD45− cells, 

Fig. 2  The tumor vasculature remodels throughout E0771 disease 
progression. Representative images (a) and quantification of mean 
vascular volume (b), vascular surface area (c), and vessel diameter 
(d) of micro-computed tomography 3D reconstructions of the mam-
mary fatpad or E0771 tumors. VEGF-A (e) and VEGF-C (f) levels in 

the naïve or tumor-bearing mammary fatpad throughout disease pro-
gression. *Significance by two-way ANOVA with Tukey comparison; 
#Significance against theoretical value of 1.0 by one-sample t test; 
n = 5–6 mice; scale bar indicates 1 mm
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which manifest as a result from either LN metastasis or 
stromal cell expression of PDL1, was increased in later 
stages (Fig. 3d). Overall, TdLNs were largely spared of 
tumor-induced immunosuppression, particularly in early 
stage disease. Spleens of tumor-bearing animals, in con-
trast, demonstrated increased MDSC levels even at early 
disease stage (d7), alterations that persists throughout dis-
ease progression (Fig. 3e). Levels of non-hematopoietic 
cells expressing PDL1 were found to decline in d7 tumor 
bearing animals but progressively increase in later stages 
(Fig. 3e). Levels of  CD45+ cells expressing PDL1 also 
increased in spleens of d21 tumor bearing animals. The 
spleen thus demonstrates immunosuppression, albeit at 
lower levels as compared to the tumor, beginning at the 

commencement of tumor development and progression. 
In the NdLN, levels of non-hematopoietic cells express-
ing PDL1 increase progressively, while other immunosup-
pressive cells, including MDSCs and Tregs, trend towards 
decreasing below levels seen in the naïve mammary fatpad 
(Fig. 3f). Of note, PDL1 expression in tumors exists in a 
regulatory loop controlled by  CD8+ T cell production of 
interferon-γ (IFN-γ) [56]. As such, we measured IFN-γ in 
both the tumor and dLN microenvironments, and found 
that the presence of a tumor decreased IFN-γ concentra-
tion within the mammary fatpad (Fig. 3g), while IFN-γ 
concentration was maintained at similar levels within 
the dLN throughout tumor development and progression 
(Fig. 3h). Thus, we interpret this PDL1 expression levels 

Fig. 3  Changes in lymphoid tissue immune microenvironments 
during E0771 progression. Fold change in the relative number 
of immune [CD45+; DC, CD45+CD11c+B220−CD3−; B cells 
(CD45+B220+CD11c−CD3−); T cells (CD45+CD3+B220−)] (a, 
b) and immunosuppressive [PDL1+CD45+; PDL1+CD45−; MDSC 
(CD45+CD11b+Gr1+); Tregs (CD45+CD3+B220−CD4+CD8−

FoxP3+CD25+)] (d–f) cell subsets in the dLN (a, d), spleen (b, e), 
and NdLN (c, f) relative to naïve tissue; IFN-γ concentration in the 
tumor (g) and dLN (h) microenvironments throughout disease pro-
gression. *Significance by two-way ANOVA with Tukey comparison 
(a–f) or one-way ANOVA with Tukey comparison (g–h); n = 5–6 
mice
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as being tumor-intrinsic immunosuppression and not due 
to increased  CD8+ T cell presence or activation in the 
TME.

Remodeling of these lymphoid tissue microenviron-
ments are suggestive of crosstalk with the E0771 TME that 
is disease stage dependent. To reveal if disease-associated 
tumor remodeling (Figs. 1, 2, 4a) impacts on dissemina-
tion from the TME into lymphoid tissues is associated with 
differences in immune suppression within lymphoid tissues 
that result from disease, we utilized a panel of differently 
sized tracers labeled with fluorophores with minimal spec-
tral overlap to simultaneously probe various mechanisms of 
molecular dissemination from the mammary fatpad though 
fluorescence quantification of harvested, homogenized tis-
sues (Figs. 4a, S3, S5). Macromolecules permeable to the 
blood vasculature rapidly diffuse through the tumor inter-
stitium to be cleared into the blood whereas those larger are 

instead retained within the interstitium. If smaller than the 
approximate tissue pore size, macromolecules are subjected 
to interstitial flows to be drained to and taken up within lym-
phatic vasculature, in contrast to larger macromolecules and 
particulates that are instead locally retained and cleared in 
their intact form into lymphatic tissues only by the actions 
of phagocytic antigen presenting cells (Fig. S5a). A panel 
of tracers consisting of 5 versus 30 and 500 nm tracers (Fig. 
S5b) were thus used to probe blood versus lymphatic clear-
ance pathways, respectively, and the latter pair delineating 
passive lymphatic drainage versus cell-mediated trafficking. 
This cocktail of tracers was infused into the naïve mam-
mary fatpad as a single injection, and fluorescent content 
in different tissues assessed 4, 24, and 72 h later to confirm 
expected size- and time-dependent distribution profiles. 500, 
but not 5 or 30, nm tracers were found to be retained at the 
injection tissue at high levels (Fig. S5c). With respect to 

Fig. 4  Molecular dissemination from breast tumors is altered by 
E0771 disease and progression. a Vascular and lymphatic remod-
eling of the TME may impact molecular dissemination into systemic 
tissues versus dLN. b Tracer accumulation within systemic tissues 
(spleen, liver, and kidneys) of naïve (N) and d 7, 14, and 21 tumor-
bearing animals over 72 h post-injection as quantified as concentra-

tion AUC. c Relative change in levels of tracer accumulation within 
the dLN and NdLN over 72 h post-injection quantified as % injection 
AUC. *Significance relative to naïve, $ indicates significance rela-
tive to d7, and ^significance relative to d14 by two-way ANOVA with 
Tukey’s post hoc test; #significance relative to theoretical value of 1.0 
by one-sample t test; n = 5–6 mice
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lymphatic uptake, 30 nm tracers accumulated within LN to 
the highest extents that peaked at 4 h post-injection (Fig. 
S5d). 5 nm tracers show a similar pattern of dLN access, but 
at much lower levels (Fig. S5d), while 500 nm tracers show 
no detectable accumulation until 72 h after injection (Fig. 
S5d), in line with the slower process of active, cell-mediated 
transport [52, 57, 58]. 100-fold higher levels of tracer accu-
mulation within LNs i.l. compared to c.l. to the mammary 
fatpad site of injection are indicative of this transport being 
lymphatic-mediated (Fig. S5e). 5 nm tracers, which are 
blood-permeable, rapidly access systemic tissues, followed 
by a slight decline, while 30 and 500 nm tracers accumulate 
gradually throughout time in systemic tissues (Fig. S5f). 
These transport patterns allow for significant concentration 
(~ 2 orders of magnitude) of 30 nm tracers in the dLN com-
pared to systemic tissues early on; very low concentration 
of 5 nm tracer in dLN relative to systemic tissues; and a late 
peak in 500 nm tracer dLN accumulation at 72 h, a time 
scale consistent with being mediated by lymphatic traffick-
ing cells (Fig. S5g) [52, 57, 58].

This tracer panel was intratumorally (i.t.) injected into 
animals bearing d7, 14, or 21 E0771 tumors and levels of 
fluorescent tracer accumulation within each tissue assessed. 
Retention of 500 nm tracers at the site of injection was 
largely unchanged throughout tumor progression compared 
to the naïve mammary fatpad, but 30 and 5 nm tracers were 
retained to greater extents in d14 versus d14 and 21 tumors, 
respectively (Fig. 4a, S6). These changes are indicative 
of altered vascular functions within these diseased tissue 
microenvironments and consistent with increased tumor 
vascular volume (d14 and 21) and VEGF-A levels (d21) at 
these disease stages (Fig. 2a–e). Indeed, accumulation of i.t. 
injection 5 nm tracers within kidneys, and 500 nm tracers in 
the liver was increased in late stage (d21) disease (Fig. 4b) 
when the most profound levels of measured vascular remod-
eling within the TME were observed (Fig. 2), suggestive of 
increased clearance into the tumor vasculature. Likewise, 
30 nm tracer access to the spleen decreased in d7 and 14 
tumors, but increased in late stage (d21) disease when 5 
and 500 nm tracer accumulation in blood-rich tissues was 
increased (Fig. 4b). This increase coincided with increases in 
PDL1 expression by  CD45− and  CD45+ cells within spleens 
of d21 E0771 tumor-bearing animals (Fig. 3e). Accumula-
tion by mammary fatpad injected tracer within spleens of 
tumor-bearing relative to naïve mice did not coordinate with 
increased splenic MDSC frequencies, however. Changes in 
expression of PDL1 by splenic cells, but not MDSCs are 
thus synchronous with altered tumor vascular permeability/
function profiles in the E0771 TNBC model.

Tumor lymphatic transport was assessed by measurement 
of accumulation by tracers injected into the mammary fatpad 
within LNs. 500 nm tracer injected into the mammary fat-
pad accumulated within TdLNs at reduced levels as early as 

d7 post-tumor implantation (Fig. 4c). This is suggestive of 
vascular and lymphatic remodeling of the mammary fatpad 
induced by the tumor diminishing cell trafficking from the 
TME, effects sustained at d14 but reversed by d21 (Fig. 4c). 
Tumors had no effect on 30 nm tracer accumulation within 
the primary TdLN at early (d7) disease but was dramati-
cally reduced at later stages (Fig. 4c). Accumulation of 5 nm 
tracer within TdLN was reduced in d7 animals but overall 
levels were unchanged relative to the naïve (tumor-free) 
fatpad at later tested stages (Fig. 4c). In support of these 
observed changes in tracer accumulation being associated 
with altered tumor lymphatic transport, levels of tracer accu-
mulation within NdLNs remained unchanged irrespective of 
the tumor, save for reduced levels of 30 nm tracer measured 
in NdLNs of d21 animals (Fig. 4c). Thus, lymphatic medi-
ated cell trafficking was initially inhibited by tumor growth, 
but recovered in late stage disease. Lymphatic drainage on 
the other hand was sustained early in tumor development 
but then decreased substantially as disease progressed, dimi-
nutions that coincided with increased PDL1 expression by 
 CD45− cells within LNs (Fig. 3d). Immune suppression 
within the TdLNs is thus coincident with disease stages 
when tumor antigen would presumably also be locally less 
abundant.

Primary and secondary TdLNs are niches enriched 
in factors derived from the TME that support 
lymphocyte viability, antigen experience, 
and proliferation

Antitumor immunity has been observed within lymphoid 
tissues of TNBC patients [7, 25, 31, 32]. The likelihood 
of priming and cell expansion occurring locally, irrespec-
tive of the locally immune suppressed state, within spleens 
versus LNs within the tumor lymphatic drainage basin was 
thus evaluated in the E0771 model using the tracer system 
in two manners. First, when considering local concentra-
tions of accumulating tracers over 72 h after injection into 
the naïve mammary fatpad, inguinal dLNs were found to 
be highly enriched (10-, 20-, and twofold for 500, 30, and 
5 nm tracers respectively) as compared to systemic tissues 
such as the spleen (Fig. S7). Relative levels of dLN enrich-
ment also remained high for early (d7) E0771 tumors for all 
tracer types, and even in d14 tumors for 30 nm tracer (Fig. 
S7), despite diminished lymphatic transport and increased 
systemic access by tracers associated with tumor-induced 
remodeling of the mammary fatpad injection site (Fig. 4b, 
c). Extratumoral E0771 tumor antigen is thus highly likely 
to be enriched within TdLNs compared to systemic tissues 
including spleens.

Second, disease associated changes in transport to axil-
lary LNs that drain the primary LN (inguinal) draining the 
mammary fatpad (Fig. S4) [59], referred to as the secondary 
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dLN, were measured in the context of E0771 TNBC to 
evaluate their potential to support antigenic priming. Accu-
mulation by tracer injected into the naïve mammary fatpad 
in the secondary dLN followed the same tracer size- and 
time-dependent trends as the primary dLN, but at a lower 
magnitude (Fig. S4, S8). 500 nm tracer did not accumulate 
at measurable levels until 72 h post-injection, consistent with 
migration being cell-mediated [52, 57, 58]; 30 nm tracer 
accumulated relatively rapidly; and 5 nm tracer also accumu-
lated rapidly but at a low concentration (Fig. S8). In a tumor 
context, levels of mammary fatpad injected 30 nm tracer 
access that is sustained for primary TdLNs were instead 
enhanced for secondary TdLNs in early stage disease (d7) 
(Fig. 5a–c, S8). At later stages (d14 and 21) when tracer 
access to primary TdLNs is substantially reduced, accumu-
lation within secondary TdLNs also diminished, but only 
to levels similar to that for LNs draining the naïve mam-
mary fatpad (Fig. 5a, b). 500 and 5 nm tracer access to both 
TdLNs remained low and relatively unchanged (Fig. 5a–c). 
Thus, lymphatic transport to secondary TdLNs is increased 
or remains relatively unchanged during disease progression. 
This is suggestive of the entire lymphatic drainage basin and 
both (primary and secondary) TdLNs being bathed in tumor-
derived material, including tumor antigen. The high level of 
relative enrichment in factors derived from the TME within 

primary TdLNs compared to systemic tissues is also seen in 
secondary TdLNs, save in late stage (d21) disease (Fig. S7).

The relative propensity for various lymphoid tissues 
to support extratumoral priming by  CD8+ T cells against 
tumor antigen was next assessed by evaluation of responses 
by CFSE-labeled OT-I  CD8+ cells adoptively transferred 2 
d prior into E0771-OVA tumor-bearing animals within pri-
mary and secondary TdLNs, NdLNs, and spleens. In early 
d7 E0771 tumors, proliferation was robust in both primary 
and secondary TdLNs (Fig. 6a, b.i), with a ~ 4 order of mag-
nitude increase in cell density as compared to the TME [peak 
generation cell count of 200 (Fig. 1) versus 10,000 per  106 
total live cells]. Proliferation also appeared somewhat more 
advanced compared to within the TME, with peak genera-
tion cell counts being roughly equivalent between G3 and 4 
within the primary and secondary TdLNs (Fig. 6b.i) com-
pared to G3 within the TME (Fig. 1e.i). In contrast, prolif-
eration of tumor antigen-specific  CD8+ T cells in animals 
bearing d21 tumors was severely limited by comparison, 
more closely mirroring cell responses seen within the TME 
(Fig. 6a, b.ii). Nonetheless, expansion in lymphoid tissues 
resulted in a higher number of proliferating cells compared 
to the tumor (Fig. 6c). This led to substantial numbers 
of tumor-specific T cells in both primary and secondary 
TdLNs (Fig. 6c). These lymphoid tissue-resident tumor 

Fig. 5  E0771 disease progression effects on accumulation of intra-
fatpad injected tracers within inguinal and axillary LNs. Levels of 
tracer accumulation within the inguinal (1°) (a) and axillary (2°) (b) 
draining and NdLNs over 72 h post-injection during tumor develop-
ment quantified as % injection AUC. (c) Fold change in tracer accu-

mulation within TdLNs over 72  h post-injection in the mammary 
fatpad (% injection AUC) relative to naïve animals. *Significance 
relative to naïve by two-way ANOVA with Tukey comparison; #sig-
nificance relative to theoretical value of 1.0 using one-sample t test; 
n = 5–6 mice
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antigen-specific  CD8+ T cells were also largely (> 80%) 
viable (Fig. 6d, e), with the exception of unproliferated cells 
48 h post-transfer into d7 tumor-bearing animals (Fig. 6d, e), 
in sharp contrast to the low viability of these cells within the 
TME (Fig. 1d, f). Notably, proliferated and unproliferated 
donor cells exhibited the highest viability in both primary 
and secondary TdLNs regardless of tumor stage (Fig. 6d, e). 
Lymphoid tissues highly enriched in factors derived from the 
TME thus support both proliferation and viability among 
tumor-specific T cells, effects diminished in later-stage dis-
ease when these environments exhibit immune suppression.

Phenotypes of TME- and lymphoid tissue-resident 
endogenous cells were also assessed in E0771 tumor-
bearing animals. Similar to results in the adoptive transfer 
model, viable tumor-specific  CD8+ T cells within both 
tumors and primary TdLNs draining early-stage tumors 
showed high extents of activation  (CD44+) and antigen 
experience  (PD1+) (Fig. 7a, b), while cells in the spleen 
of these animals were primarily naïve  (CD44−) (Fig. 7a, 
b). Within secondary TdLN, roughly 50% of cells were 
both naïve and antigen-experienced (Fig. 7a, b). As a 
whole, this indicates that the tumor along with primary 

Fig. 6  Tumor antigen-specific T cell priming occurs in E0771 
TdLNs. Representative CFSE dilution plots (a) and relative den-
sity of each proliferative generation per  103 cells (b) of OT-I 
CD8 + CD45.2 + donor T cells 48  h post-adoptive transfer into d 7 
(i) and 21 (ii) E0771-OVA tumor-bearing CD45.1 animals within 
lymphoid tissues and TME. Total number (c), representative live/
dead and CFSE staining flow cytometry plots (d), and viability (e–f) 

of tumor antigen-specific (OT-I) CD8+CD45.2+ T cells 48 (c–e) or 
96  h (f) post-adoptive transfer in 1° (inguinal) and 2° (axial) dLNs 
(c–f), NdLNs (d–f), spleens (e–f), or TME (e–f) of d7 or 21 E0771-
OVA tumor bearing animals. *Significance by two-way ANOVA with 
Tukey comparison; $significance against all other groups (including 
tumor) by RM ANOVA; n = 5–6 mice
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and secondary TdLNs demonstrate higher levels of anti-
gen experience in early stage E0771 tumors, while cells 
in the spleen remain in a more naïve state. In late-stage 
tumor-bearing animals, on the other hand,  CD8+ T cells 
were more evenly distributed between naïve and antigen-
experienced in the primary TdLN and spleen, changes 
that are coincident with decreased lymphatic drainage 
and increased levels of splenic accumulation, respec-
tively (Fig. 7a, b). Among  PD1+ cells, most tumor-spe-
cific cells within lymphoid tissues were in the stem-like 
 (Tcf1+Tim3−) state [60, 61] in both early and late stage 
disease (Fig. 7c). However, a majority were  Tim3+Tcf1−, 
characteristic of an effector/exhausted state [60, 61] in the 
TME (Fig. 7c). We next analyzed expression of CD25, a 
marker for activation, and found that  CD44+ cells were 
most activated in the tumor 96 h after transfer on both day 
7 and day 21 (Fig. 7d). However, on day 7, cells in the 

primary TdLN showed slight expansion in activation rela-
tive to the secondary TdLN and spleen, and at day 21, cells 
in the secondary TdLN show high levels of activation. 
Thus, not only are these cells expanding and experiencing 
antigen, but they are becoming activated. As exhausted 
cells can also express activation markers, we next com-
pared CD39 levels, a marker for exhaustion [62]. This 
revealed that in early stage (day 7) primary and secondary 
TdLNs, cells were not exhausted (CD39 +), but primarily 
PD1+CD39−, while cells within the tumor were mostly 
exhausted (CD39+PD1+) (Fig. 7e). In day 21 tumor-bear-
ing animals, TdLNs harbored a more even split between 
exhausted and Ag-experienced cells; however, both the 
spleen contained primarily exhausted cells (Fig. 7e). Thus, 
cells within the TdLNs are activated and likely to be func-
tional, with the primary and secondary TdLN showing the 
highest activation at day 7 and 21, respectively, while cells 

Fig. 7  Quality of endogenous CD8+ T cells within lymphoid tissues 
and TME changes during E0771 disease progression. Representa-
tive CD44 and PD1 staining flow cytometry staining (a), fraction 
of CD44- versus CD44+PD1+ of total CD8+ T cells (b), num-
ber of Tcf1−Tim3+ or Tcf1+Tim3− PD1+CD8+ T cells (c), frac-

tion of CD44+CD25+ cells of CD45.2+ cells (d), and fraction of 
PD1+CD39− versus PD1+CD39+ of CD45.2+CD44+ cells (e) in 
lymphoid tissues (a–e) or TME (b–e) of d7 or 21 E0771 tumor bear-
ing animals. *Significance by Mann–Whitney test; n = 5–6 mice
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in the tumor are exhausted. TdLNs thus maintain a popula-
tion of antigen-experienced  CD8+ T cells which have the 
potential to be invigorated by ICB.

Both primary and secondary TdLNs are therapeutic 
targets for ICB immunotherapy

The sustained antigen access, increased T cell priming, 
and delayed onset of immunosuppression in the diseased 
mammary fatpad dLNs is suggestive of their potential as 
therapeutic targets in the context of ICB. To test this hypoth-
esis, responses to a single d11 administration of aPD1 ICB 
directed to the primary (via flank injection) or second-
ary TdLN (via forelimb injection) compared to systemic 
administration (i.v. via the jugular vein) were assessed, 

with isotype mAb control injected in the flank as control 
(Fig. 8a, b). Previous reports demonstrate that accumula-
tion in LNs draining E0771 tumors is maintained at similar 
levels in the TdLNs to those shown here in the naïve dLN 
[63]. Responses to directed delivery revealed by monitoring 
tumor growth revealed that targeting ICB to either TdLN 
resulted in transient tumor shrinkage, in contrast to systemic 
ICB (Fig. 8c). At 5 days after treatment, LN-directed treat-
ment increased the number of granzyme B (GzmB)- express-
ing effector  CD8+ T cells within the TME (Fig. 8d), along 
with the frequency of actively proliferating  (Ki67+) cells 
(Fig. 8e), compared to treatment with either aPD1 i.p. or 
isotype i.d. as control. Interestingly, neither the number of 
GzmB-expressing or frequency of Ki67-expressing  CD8+ 
T cells was unchanged within the primary or secondary 

Fig. 8  Locoregional administration of mAb directed to either 1o or 
2o TdLN improves therapeutic and immunomodulatory effects of 
aPD1 ICB. a Schematic depicting routes of i.d. injection targeting 
1o (blue, gray) or 2o (green) dLNs versus or systemic administration 
(i.v., black). b Fluorescently labelled mAb signal in inguinal, axial, or 
brachial (as control) LNs 24 h after i.d. injection in the flank (target-
ing 1o TdLN), i.d. in the forelimb (targeting 2o), or i.v. in the jugu-

lar vein relative to LNs contralateral to the tumor (NdLN). c Relative 
tumor size in response to treatment with 100 ug aPD1 mAb on d11. 
d–e Number of granzyme B (GzmB)- (d) and Ki67- (e) expressing 
CD8+ T cells in the TME in animals d15 after tumor implantation. * 
indicates significance by two-way (a) or one-way (b–c) ANOVA with 
Tukey comparison; n=5-6 animals.
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TdLNs or NdLNs based on the route of administration (Fig. 
S9). This implies that T cells primed within the dLN after 
enhanced delivery of aPD1 mAb induces LN-resident T cells 
to recirculate and reach the TME as functional and prolifer-
ating T cells, an interpretation that needs to be confirmed. 
Thus, by directing ICB mAb to TdLNs, sites of retained 
antigen access (Fig. 5), sustained proliferation (Fig. 6), and 
antigen experience (Fig. 5) that results in the generation of a 
reservoir of tumor-specific stem-like  CD8+ T cells (Fig. 7), 
the response to immunotherapy is enhanced, with result-
ing functional improvements in T cell phenotype within the 
tumor itself.

Discussion

TNBC is a deadly disease impacting millions each year, with 
very few effective therapeutic treatments [1–3]. Immuno-
therapies have shown clinical benefit in treating many solid 
tumor malignancies, but the only currently approved ICB 
therapy for TNBC results in responses in just ~ 16% of 
patients [6]. A critical hurdle to advancing immunotherapy 
as an effective approach to combat TNBC is addressing 
the multiple pathways of immune suppression that result 
in immunotherapeutic resistance. In particular, there is a 
growing consensus that T cells require survival niches in 
order to effectively respond to immunotherapy and result 
in antitumor effects [64–66]. As such, overcoming immune 
exclusion and suppression within the TME is a critical hur-
dle to improving immunotherapeutic efficacy.

Antitumor T cell responses were assessed during tumor 
progression in the syngeneic E0771 murine model of TNBC 
and revealed the importance of non-tumor tissues in the 
development of these responses. As others have shown in 
additional preclinical tumor models [67] that TME-localized 
 CD8+ T cells exhibit poor viability. Those  CD8+ T cells 
within the TME that are viable also exhibit limited prolifera-
tion and an exhausted phenotype. Thus,  CD8+ T cells within 
the TME have a severely diminished likelihood of resulting 
in robust antitumor effects. In distinct contrast,  CD8+ T cell 
survival was high in LNs draining the TME but not in other 
LNs or spleens. TdLNs also contained high concentrations 
of antigen experienced  CD8+ T cells, an unsurprising obser-
vation given these tissues being highly enriched with fac-
tors, such as tumor antigen, derived from the TME by virtue 
of tumor lymphatic transport. Notably, a high fraction of 
these cells exhibit a stem-like phenotype, implicating their 
potential to proliferate and respond to ICB [60, 61]. Indeed, 
delivery of aPD1 mAb to TdLN using locoregional mAb 
administration resulted in improved therapeutic effects as 
compared to conventional systemic (i.p.) therapy that were 
associated with increased tumor infiltration of degranulated 
effector  (GzmB+) and proliferating  (Ki67+)  CD8+ T cells. 

Although the proliferation of TdLN-resident  CD8+ T cells 
decreased with tumor progression, viability and the stem-
like phenotype are maintained in late stage disease. These 
results support the potential for TdLNs as drug targets to 
improve ICB response rates and efficacy in TNBC, a hypoth-
esis supported by the improved therapeutic effects of TdLN-
directed aPD1 in this model.

Tumor development and progression in the syngeneic 
E0771 murine model of TNBC was shown to result in 
immune suppression localized to the TME that extended to 
lymphoid tissues in a manner that was disease stage depend-
ent. Specifically, increased PDL1 expression within spleens 
and LNs coincided with altered functions of the tumor vas-
culature that regulate clearance from the mammary fatpad 
microenvironment, as determined by increased accumu-
lation of i.t. injected tracers in these tissues. Proliferation 
of tumor antigen-specific  CD8+ lymphocytes within both 
spleens and LNs was also diminished at these disease stages. 
Remodeling of the tumor vasculature is thus associated with 
altered immune microenvironments within lymphoid tissues 
with regulatory functions relevant to antitumor immunity. 
Unsurprisingly, results also support the concept that these 
vascular barriers as modulating antigen access within lym-
phoid tissues. At earlier disease stages when tracer accu-
mulation within systemic tissues and PDL1 expression by 
cells within spleens was decreased or relatively unchanged, 
 CD8+ T cell priming was modest to low. However, at later 
stages when the tumor vasculature had most substantially 
expanded, levels of vascular permeability-enhancing 
[41–44] VEGF-A were the highest, and i.t. administered 
tracers accumulated within systemic tissues to the greatest 
measured extents, antigen experience and proliferation by 
splenic  CD8+ T cells was increased. And though levels of 
VEGF-C were unchanged during tumor growth, lymphatic 
drainage was diminished when VEGF-A in the TME was 
most increased, namely in d14 and 21 E0771 tumors, an 
observation consistent with the vasculature’s role in regu-
lating interstitial pressures and thus the driving force for 
lymphatic uptake and function [68–70]. Priming of tumor-
reactive  CD8+ T cells within TdLNs was also sustained in 
early (d7) but not late (d21) stage when cell mediated or 
lymphatic drainage transport functions, respectively, were 
diminished in the tumor. Whether the low extent of  CD8+ 
T cell priming at d21 results from these decreased levels of 
TdLN accumulation by lymph-accessing species in the TME 
or coincident local immune suppression, however, remains 
unresolved. Given the association of  CD8+ T cell immunity 
with TNBC patient survival [29–31], these results are in line 
with other reports implicating neoangiogenesis as impairing 
both survival and responses to therapy in breast cancer [46, 
47, 71]. How tumor vascular remodeling might be therapeu-
tically mitigated to improve the effects of immunotherapy in 
TNBC, however, has yet to be systemically explored.
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Lymphatic tissues form networks through which anti-
gen can be disseminated, resulting in access by multiple 
LNs in a network to tumor antigen in order to elicit lym-
phocyte priming against tumor antigen. This is particu-
larly important in breast cancer, in which the sentinel LN 
(primary TdLN) is often resected, but secondary TdLNs 
are left intact given the waning of complete LN dissec-
tion [72–74]. In the context of ICB, delivery of aPD1 
mAb to either primary or secondary TdLN resulted in 
improved therapeutic effects compared to conventional 
systemic therapy. This suggests that locoregional therapy 
that results in delivery of ICB mAb to LNs draining the 
TME (either sentinel or secondary TdLNs) is an approach 
potentially relevant to both neoadjuvant and adjuvant 
therapy application of ICB when sentinel LN biopsy has 
been performed.

In conclusion, the potential for lymphoid tissues to 
mediate extratumoral priming of  CD8+ T cell immunity 
seen in human TNBC patients was evaluated in the syn-
geneic E0771 mammary carcinoma mouse model. Results 
in this model demonstrate TdLNs to be lymphoid tissue 
niches that support the survival and antigenic priming 
of  CD8+ T lymphocytes against lymph-draining antigen. 
LNs within the tumor lymphatic drainage basin therefore 
represent a unique, potential tumor immunity reservoir in 
TNBC for which strategies may be developed to improve 
the effects of ICB immunotherapy.
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