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Key Points

• Increased levels of
interleukin 1 were
found in the bone
marrow fluid of TpoTg

mice, whereas levels
were lowered in Mpl−/−

mice.

• A proinflammatory
microenvironment
promoted Eμ-myc
lymphoma progression
in TpoTg mice with high
megakaryocyte and
thrombopoietin levels.
Platelets have been shown to enhance the survival of lymphoma cell lines. However, it remains

unclear whether they play a role in lymphoma. Here, we investigated the potential role of

platelets and/or megakaryocytes in the progression of Eμ-myc lymphoma. Eμ-myc tumor cells

were transplanted into recipient wild-type (WT) control,Mpl−/−, or TpoTg mice, which exhibited

normal, low, and high platelet and megakaryocyte counts, respectively. TpoTg mice that

underwent transplantation exhibited enhanced lymphoma progression with increased white

blood cell (WBC) counts, spleen and lymph node weights, and enhanced liver infiltration when

compared withWTmice. Conversely, tumor-bearingMpl−/− mice had reducedWBC counts,

lymph node weights, and less liver infiltration thanWTmice. Using anMpl-deficient

thrombocytopenic immunocompromised mouse model, our results were confirmed using the

humannon-Hodgkin lymphomaGRANTAcell line. Althoughwe found that platelets andplatelet-

releasedmolecules supported Eμ-myc tumor cell survival in vitro, pharmacological inhibition of

platelet function or anticoagulation inWTmice transplanted with Eμ-myc did not improve

disease outcome. Furthermore, transient platelet depletion or sustained Bcl-xL–dependent

thrombocytopenia did not alter lymphoma progression. Cytokine analysis of the bone marrow

fluidmicroenvironment revealed increased levels of the proinflammatorymolecule interleukin

1 in TpoTg mice, whereas these levels were lower inMpl−/− mice. Moreover, RNA sequencing of

blood-resident Eμ-myc lymphoma cells from TpoTg andWTmice after tumor transplantation

revealed the upregulation of hallmark gene sets associated with an inflammatory response in

TpoTg mice. We propose that the proinflammatory microenvironment in TpoTg mice promotes

lymphoma progression.

Introduction

The interaction between tumor cells and their microenvironment is known to play a key role in tumor
malignancy.1 The tumor microenvironment comprises different cell types and noncellular compartments
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including stroma and the different effectors of the immune system.2

Platelets and their precursor cells, the megakaryocytes, also
contribute to the tumor microenvironment.3 Platelets are tiny blood
cells with important roles in hemostasis and thrombosis that are
quickly activated in response to an injury. They are produced by
megakaryocytes residing in the bone marrow (BM), spleen, and
lungs. Thrombopoietin (TPO) is the master cytokine regulator of
megakaryopoiesis.4 TPO maintains hematopoietic stem cell
homeostasis and regulation of megakaryocyte and platelet
number.5

In mouse models of solid tumors, platelets have been shown to
promote blood-borne metastasis6-8 and safeguard the tumor
vasculature.9 Moreover, a correlation between increased platelet
counts and shorter patient survival times has been described for
several solid tumors.7,10-12 Both pharmacological inhibition of
platelet function and transient platelet depletion significantly
reduced metastasis in murine models.6 In humans, long-term
retrospective analyses of cancer incidence demonstrated
reduced prevalence13 and death from multiple solid cancer types in
patients taking daily low-dose aspirin,14 although this was not the
case in older individuals.15 Daily aspirin did not reduce death in
hematologic malignancy,14 and there are conflicting results on the
association between aspirin intake and the risk of acquiring lym-
phoma. Qiao et al13 and Amoori et al16 performed a meta-analysis
of observational studies and found no association between aspirin
intake and the risk of lymphoma or non-Hodgkin lymphoma (NHL),
respectively. However, a recent study by Liebow et al17 reported
that low-dose aspirin, but not regular/extra strength aspirin or other
nonsteroidal antiinflammatory drugs, was associated with a lower
risk of NHL.

Lymphoma is the most common form of blood cancer in high-
income countries. NHL accounts for 90% of lymphoma cases, of
which, 80% originate from B-lymphoid cells. Lymphoma is listed
among the neoplasias with a high risk of venous thromboembo-
lism,18 with an incidence ranging from <5% to 59.5%.19 The
incidence is higher in NHL than it is in Hodgkin lymphoma (HL).19

A recent study in mice reported that platelets can serve as drug
carriers to deliver chemotherapy for the treatment of lymphoma,20

stressing the close interaction between platelets and lymphoma
cells. Although limited information is available on the role of
platelets in lymphoma and leukemia, studies that have investigated
the interactions between activated platelets or platelet-released
molecules (PRMs) and lymphoma, leukemia, and myeloma cell
lines have shown that platelets provide protection from
chemotherapy-induced apoptosis and enhance tumor cell survival
in vitro.21,22 Another study revealed that thrombin activated plate-
lets adhered to lymphoma cells following coincubation and caused
lymphoma cell release of tumor necrosis factor α (TNF-α).23

Furthermore, a recent study demonstrated that platelets
enhanced multiple myeloma progression via interleukin 1β (IL-1β)
upregulation.24 However, the role of platelets and/or megakaryo-
cytes in lymphoma progression has not been investigated.

Here, we show that when Eμ-myc lymphoma cells were trans-
planted into TpoTg mice5 (overexpressing TPO in the liver) with high
megakaryocyte and platelet counts, the mice exhibited enhanced
lymphoma progression when compared with the wild-type (WT)
mice. Conversely, tumor-bearing Mpl−/− mice25 (lacking the TPO
receptor Mpl) with low megakaryocyte and platelet counts
25 APRIL 2023 • VOLUME 7, NUMBER 8
presented with reduced lymphoma progression when compared
with the WT. Consistent with previous reports, platelets and PRMs
supported Eμ-myc tumor cell survival in vitro; however, pharma-
cological inhibition of platelet activation or transient platelet
depletion did not alter the disease outcome. Cytokine analysis of
the BM fluid microenvironment revealed increased levels of the
proinflammatory molecule IL-1 in TpoTg mice, whereas these levels
were lower in Mpl−/− mice. Moreover, RNA sequencing of Eμ-myc
lymphoma cells from TpoTg mice after tumor transplantation
revealed upregulation of hallmark gene sets associated with an
inflammatory response. Hence, our study suggests that the proin-
flammatory microenvironment in TpoTg mice promotes the pro-
gression of Eμ-myc lymphoma.

Methods

Mice

Eμ-myc,26 Mpl−/−,25 TpoTg,5 Bcl-xPlt20/Plt20,27 and NSGMpl−/−7

mice have been previously described. The mice were aged 8 to
12 weeks, and the experiments included gender-balanced groups,
if not otherwise stated. All strains were on C57BL/6 or NOD-
SCIDIL2Rγ−/− (NSG) background. C57BL/6 albino28 and TpoTg

C57BL/6 albino mice were used for live-imaging experiments. All
animal procedures adhered to the National Health and Medical
Research Council code of practice for the care and use of animals
for experimental purposes in Australia and were approved by the
Walter and Eliza Hall Institute Animal Ethics Committee.

In vivo lymphoma transplantation

WT C57BL/6, Mpl−/−, TpoTg, NSG, and NSGMpl−/− mice were
injected IV with 104 (passage 1 [P1] 166, 5849, and 5903) or 2 ×
104 (immortalized 5849) Eμ-myc lymphoma cells. GRANTA cells
(2 × 106) were injected intraperitoneally into NSG and NSGMpl−/−

mice. The mice were euthanized and analyzed simultaneously once
the first mouse in the experimental cohort reached the ethical end
point. Disease severity was measured by blood counts, spleen and
lymph node (axillary, brachial, inguinal, and mesenteric) weights,
and the extent of lymphoma liver infiltration.

Cytokine analysis of BM fluid

For collecting BM fluids, the 2 femurs and 2 tibiae of each mouse
were flushed with 200 μL of Hanks balanced salt solution/2% fetal
bovine serum using a 0.3 mL insulin syringe with a 28-gauge
needle and centrifuged at 500 × g for 5 minutes to remove the
BM cells. The supernatants were further clarified by centrifugation
at 12 000 × g for 10 minutes, and samples were subsequently
stored at −80◦C until use.29 Cytokine levels were determined using
the Proteome profiler array, mouse cytokine array panel A (R&D
#ARY006) according to the manufacturer’s instructions. Each
loaded sample was combined from 2 mice.

Data analysis

The statistical significance between 2 treatment groups was
analyzed using an unpaired Student t test with 2-tailed P values.
One-way analysis of variance (ANOVA) with multiple comparison
test was applied where appropriate (GraphPad Prism 9). The
values were *P < .05, **P < .005, ***P < .001, ****P < .0001, or as
otherwise stated. Data were presented as mean ± standard error
of the mean (SEM).
ENHANCED LYMPHOMA PROGRESSION IN TpoTg MICE 1561



Detailed information about the materials used and the experimental
procedures can be found in supplemental Methods.

Results

Platelets degranulate in mice with Eμ-myc lymphoma

The Eμ-myc transgenic mouse is a model of aggressive Burkitt lym-
phoma (anNHL subtype).26 The activation status of platelets in Eμ-myc
tumor-bearing mice was determined by examining platelet degranula-
tion in micewith Eμ-myc lymphoma and in control mice. C57BL/6mice
were injected IV with immortalized Eμ-myc cells and analyzed 3 weeks
later when they showed signs of lymphoma. As expected, lymphoma-
bearing mice had increased white blood cell (WBC) counts,
enlarged spleens, and reduced platelet numbers (Figure 1A-C). The
adhesionmolecule, P-selectin, is mobilized to the platelet surfacewhen
platelet activation and degranulation are triggered. Subsequently,
P-selectin rapidly sheds from the platelet surface.30 As a measure of
platelet degranulation, we performed quantitative enzyme-linked
immunosorbent assay of soluble (s) P-selectin in serum. The level of
sP-selectin in serumwas significantly increased inmicewith lymphoma,
and sP-selectin exhibited a strong positive correlation with tumor
burden (WBCs and spleen weight) (Figure 1D-F), indicating that
platelets degranulate in mice with increasing tumor load. Because
endothelial cells can also release sP-selectin, we cannot exclude the
contribution of enhanced endothelial cell activation.
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Figure 1. Increased sP-selectin levels in mice with lymphoma. (A) WBC count, (B
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Platelets and PRMs promote Eμ-myc tumor cell

survival

Next, we examined whether murine platelets influence the survival
of immortalized Eμ-myc lymphoma cells in vitro when coincubated
for 48 hours at 37◦C and supplemented with 5% serum. Markedly,
platelets augmented lymphoma cell survival in the 4 Eμ-myc cell
lines tested (A118C, 5849, 1194, and AF40A, Figure 2A), an
effect confirmed by A118C cells present at a range of serum
concentrations (1%-10%) (supplemental Figure 1A). Next, we
assessed whether PRMs affect Eμ-myc survival. PRMs were
generated and concentrated following thrombin activation of WT
murine platelets. Coincubation for 48 hours with PRMs enhanced
the survival of 3 (A118C, 5849, and 1194) out of 4 Eμ-myc cell
lines (Figure 2B). This effect was similar to that observed upon the
addition of platelets when A118C and 1194 cells were used. This
result indicated that PRMs alone can promote the survival of Eμ-
myc lymphoma cells but not in all cell lines. Next, we explored the
impact of incubation time. Platelet activation with subsequent
degranulation is known to be a rapid process,31 and therefore, we
investigated whether 48 hours of coincubation was needed.
Platelet coincubation for 24 and 48 hours in 5% serum was
compared, but only coincubation for 48 hours was shown to
significantly increase Eμ-myc survival (supplemental Figure 1B).
Platelet coincubation for 4 or 24 hours followed by 48 or 24 hours
of incubation after washing, respectively, did not affect Eμ-myc
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survival (supplemental Figure 1B). Next, the Eμ-myc cells were
serum starved for 24 hours before the addition of platelets.
Platelets were then added for 4 hours, followed by incubation for
24 hours after washing but without any effect on survival. Never-
theless, 24 hours of platelet coincubation after starvation signifi-
cantly increased survival to the same degree as 48 hours of platelet
coincubation in the absence of serum starvation (supplemental
Figure 1B). Thus, it appeared that a platelet coincubation time of
<48 hours (24 hours but not 4 hours) was only efficient when the
Eμ-myc cells were stressed by starvation. In summary, platelets and
PRMs promoted Eμ-myc survival in vitro.

Increased lymphoma and leukemia progression in

TpoTg mice

Given that platelets degranulate in Eμ-myc lymphoma and that
platelets, and in some cases PRMs, enhance Eμ-myc survival
in vitro, we investigated whether changes in platelet number would
influence myc-driven lymphoma progression. To test this, we
expanded spleen- and lymph node–derived Eμ-myc tumor cells
from 3 Eμ-myc transgenic mice26 (166, 5903, and 5849) in WT
C57BL/6 mice, recovered the cells, and then injected IV P1 cells
into groups of recipientMpl−/−,25 WT or TpoTg5 mice (which exhibit
low, 109.8 × 103 cells per μL ± 12 × 103 cells per μL; normal,
1111 × 103 cells per μL ± 25 × 103 cells per μL, and high platelet
counts of 3648 × 103 cells per μL ± 132 × 103 cells per μL,
respectively, supplemental Figure 2A). Mice were analyzed simul-
taneously once the first mouse in the experimental cohort reached
the ethical end point. Untreated adult Mpl−/− and TpoTg mice had
normal lymphocyte and WBC numbers (supplemental Figure 2B-
C) and spleen size.7,32,33 We first compared the WT and Mpl−/−

recipients, where Eμ-myc lymphoma progression was reduced in
thrombocytopenic Mpl−/− mice compared than in WT mice, based
on reduced WBC and lymphocyte counts and a lower number of
immature B cells in the spleen (Figure 3A-C). The spleen weights
25 APRIL 2023 • VOLUME 7, NUMBER 8
did not differ (Figure 3D). Next, we assessed lymphoma progres-
sion cocurrently in cohorts of WT, Mpl−/−, and TpoTg recipients at
the time when the first TpoTg recipients became unwell. We found
that both Eμ-myc 5903- and 5849-mediated lymphoma progres-
sion was augmented in TpoTg mice when compared to WT mice,
based on higher WBC and lymphocyte counts, increased spleen
weights, and total lymph node weights (Figure 3E-H). Platelet
counts in TpoTg mice were reduced but were still more than those
in WT mice that did not undergo transplantation (supplemental
Figure 2A,D-E). Conversely, in thrombocytopenic Mpl−/− mice, a
reduced tumor burden was evident compared with that in WT
mice, most reflected in reduced WBC count and lymph node
weight, albeit variably (Figure 3E,H), and spleen weight was not
affected (Figure 3G). In late-stage Eμ-myc disease, the liver
becomes infiltrated with lymphoma cells and therefore, we quan-
tified lymphocyte liver infiltration in hematoxylin and eosin–stained
liver sections. We found that sections from TpoTg mice had an
increased area covered by tumor infiltrating cells compared
with those from WT mice, an effect that was modestly reversed in
Mpl−/− mice (Figure 3I). To further visualize the tumor burden, we
transduced 5849 Eμ-myc tumor cells with a mCherry-luciferase
retrovirus vector, and mCherry-luciferase positive cells were injec-
ted into albino WT and TpoTg mice. For visualization of tumor
distribution, D-luciferin was injected 7 days after tumor trans-
plantation, and the mice were imaged using the IVIS Spectrum
in vivo imaging system to detect luciferase bioluminescence.
Consistent with other measures, representative images indicated
that TpoTg mice exhibited a greater tumor load than WT mice,
which was visible in both the lymph nodes and spleen
(supplemental Figure 2F). To examine whether our results could
also be applied to leukemia, we used a model of chronic lympho-
cytic leukemia (CLL), the most common leukemia in adults. The
Eμ-Tcl-1 mouse model of CLL34-37 develops leukemia at approxi-
mately 6 to 9 months of age. The mice exhibit splenomegaly,
ENHANCED LYMPHOMA PROGRESSION IN TpoTg MICE 1563
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Figure 3. Increased lymphoma progression in TpoTg
mice. (A) WBC and (B) lymphocyte counts. (C) B-cell numbers in the spleen and (D) spleen weight in WT andMpl−/−

mice 13 days after Eμ-myc 166 IV transplantation (106 P1 cells per mouse). n = 4 to 7 mice per genotype. Each symbol represents an individual mouse. Mean ± SEM. Student

unpaired t test. (E) WBC and (F) lymphocyte counts, (G) spleen weight, (H) total lymph node (LN) weight, and (I) percentage liver infiltration in WT C57BL/6, Mpl−/−, and TpoTg

mice 23 days after Eμ-myc 5903 IV transplantation and 17 days after Eμ-myc 5849 IV transplantation (10 000 P1 cells per mouse). 5903; n = 9 to 10 mice per genotype. 5849;

WT (n = 27), Mpl−/− (n = 18), and TpoTg (n = 16) mice. Percentage liver infiltration was assessed in 11 to 12 mice per genotype. Each symbol represents an individual mouse.

Mean ± SEM. Student unpaired t test, *P < .05, **P < .005, ***P < .001, ****P < .0001.
peripheral blood and BM lymphocytosis, and lymph node infiltration
of leukemia cells.34 Thrombocytopenia is evident only at the
advanced disease stage.34 We injected IV Eμ-Tcl-1 cells into
groups of recipient Mpl−/−, WT, or TpoTg mice and analyzed them
100 days after transplantation (supplemental Figure 2G-J). We
found that the burden of leukemia was greater in TpoTg mice than in
WT mice based on the increased total lymph node weights
1564 AU et al
(supplemental Figure 2H). Spleen weight and lymphocyte counts
tended to increase, albeit variably and did not reach statistical
significance in TpoTg mice compared with the WT (supplemental
Figure 2G,I). Conversely, Mpl−/− mice showed lower tumor pro-
gression than WT mice, reaching significance in lymphocyte
counts (supplemental Figure 2G-I). Thus, the results observed in
lymphoma may also be relevant to CLL. However, because not all
25 APRIL 2023 • VOLUME 7, NUMBER 8



measures of disease were significantly affected in TpoTg or Mpl−/−

mice compared with WT mice, future studies are needed to draw
definitive conclusions in the CLL model.

Reduced human NHL lymphoma progression in NSG

Mpl−/− mice

Next, we investigated whether TPO-dependent changes in platelet
number would influence lymphoma progression in an NSG immu-
nocompromised background (lacking B, T, and natural killer cells)
using Eμ-myc 5849 P1 tumor cells or the human B-NHL cell line
GRANTA. We used NSG Mpl−/− mice7 with platelet counts ~5%
of the WT NSG levels (70 × 103/μL ± 21 × 103/μL vs 1497 × 103/
μL ± 109 ×103/μL, Figure 4A-B). We injected NSG Mpl−/− and
control NSG mice with Eμ-myc 5849 P1 tumor cells IV and
assessed tumor progression 2 weeks later. GRANTA cells were
injected intraperitoneally into NSG Mpl−/− and control NSG mice
and tumor progression was assessed 23 days later. We found that
NSG Mpl−/− mice had reduced disease progression in both lym-
phoma models compared with control NSG mice, as shown by
reduced numbers of total peripheral WBCs and lymphocytes,
whereas the spleen size was unaffected (Figure 4B-H). Hence,
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reduced platelet numbers in NSG Mpl−/− mice were associated
with slowed lymphoma progression also in the absence of a
functional immune system. Importantly, the reduction in lymphoma
burden observed in NSG Mpl−/− mice using the GRANTA cell
model confirmed that murine Eμ-myc results are relevant to human
lymphoma cells.

Pharmacological inhibition of platelet function or

anticoagulation did not improve disease outcome

Next, we considered the role of platelet activation by inhibition
using the common antiplatelet agents aspirin38 (a cyclooxygenase
inhibitor) and clopidogrel39 (a platelet P2Y12 adenosine diphos-
phate receptor inhibitor) as single agents. Aspirin was administered
orally at 25 mg/kg in drinking water to mice pretreated 1 week
before Eμ-myc 5849 tumor injection. However, no significant dif-
ference in disease outcome was detected between aspirin-treated
mice and the vehicle control group (supplemental Figure 3A).
When WT mice were administered either clopidogrel (50 mg/kg)
or vehicle by oral gavage daily starting 1 day before Eμ-myc 5849
transplantation, we noted increased WBC counts in the treated
group compared with the vehicle control group (supplemental
0.0

0.2

0.4

0.6

Sp
lee

n 
we

igh
t (

g)
Eμ-myc

****
**

****

ns
ns

G
Ly

m
ph

oc
yte

s (
×1

03
/μ

L)

0

5

10

15

20

25

***
**

*

ns

Eμ-myc

E

0.00

0.05

0.10

0.15

0.20

0.25

Sp
lee

n 
we

igh
t (

g)

GRANTA

***

**ns
ns

H

Ly
m

ph
oc

yte
s (

×1
03

/μ
L)

0

1

2

3

4

5

6

7

GRANTA

****

*** **

ns **

F

umor cells were injected IV into NSG and NSG Mpl−/− mice 14 days before analysis.

SEM. n = 3 to 5 mice per genotype (Eμ-myc transplant). n = 10 to 14 mice per

pe). Human GRANTA (2 × 106) tumor cells were injected intraperitoneally into NSG

hocyte count, and (H) spleen weight. Mean ± SEM. n = 8 to 11 mice per genotype

ale mice. Each symbol represents an individual mouse. One-way ANOVA with Tukey

est, panels A, C, D, F, and G. Student unpaired t test with Mann Whitney U test were

< .005, ***P < .001, ****P < .0001.

ENHANCED LYMPHOMA PROGRESSION IN TpoTg MICE 1565



Figure 3B). Finally, we treated mice with the anticoagulant low
molecular weight heparin enoxaparin sodium40 at 5 and 10 mg/kg
with mice being pretreated for 1 day before Eμ-myc 5849 tumor
cell injection. Again, we observed no change between the treated
mice and the vehicle control group (supplemental Figure 3C).
Taken together, the pharmacological inhibition of platelet activation
or anticoagulation did not improve disease outcomes at the con-
centrations and schedules used.

Transient or sustained platelet depletion did not

positively affect disease outcome

We next examined whether transient platelet depletion would
influence Eμ-myc lymphoma progression by IV injection of anti-
platelet serum (APS), leading to dramatically reduced platelet
counts within 24 hours followed by a recovery phase.41 Platelets
were depleted on day 0, 1 day before Eμ-myc 5849 tumor injec-
tion, a method previously shown to lower tumor burden in a mouse
model of lung adenocarcinoma.7 However, we did not observe
significant differences in lymphoma progression when comparing
APS-treated and control mice (Figure 5A-C). We also depleted
platelets on days 0, 3, and 6 to maintain low platelet counts for ~8
days, with tumor cells being injected on day 1. Nevertheless, the
disease outcome was also unaffected by this strategy (Figure 5A-
C). Although transient thrombocytopenia at the time of tumor
administration and in the early phase did not affect disease out-
comes, sustained thrombocytopenia might influence tumor pro-
gression differently, as observed in thrombocytopenic Mpl−/− and
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NSG Mpl−/− mice. We used an alternative model of thrombocy-
topenia, the Bcl-xPlt20/Plt20 mouse, with platelet counts ~25% of
the WT caused by reduced platelet life span.27 However, no
marked differences were observed between WT and Bcl-xPlt20/Plt20

mice in the Eμ-myc 5849 tumor load at 20 days after transplant
(Figure 5D-G). One important difference between the 2 thrombo-
cytopenic models is that although megakaryocyte numbers are
markedly reduced in Mpl−/− mice, they are slightly elevated in
Bcl-xPlt20/Plt20 mice.42 These data suggest that the differences in
lymphoma burden observed in TpoTg and Mpl−/− mice may not be
directly related to platelet number, although a role for megakaryo-
cytes cannot be excluded.

Proinflammatory BM microenvironment in TpoTg

mice

To explore the potential role of the tumor microenvironment, we
performed cytokine analysis of the BM fluid of Mpl−/−, WT, and
TpoTg mice. Our results showed increased protein levels of the
proinflammatory molecules IL-1α and IL-1β in TpoTg BM fluid when
compared with the WT (Figure 6). By contrast, the Mpl−/− BM fluid
had reduced levels of IL-1α compared with the WT (Figure 6).
Modest increases were also noted in the levels of triggering
receptor expressed on myeloid cell 1 protein in TpoTg BM fluid and
of regulated on activation, normal T cell expressed and secreted
and stromal cell–derived factor 1 in Mpl−/− BM fluid compared with
those in the WT (Figure 6). Megakaryocytes have been shown to
contain IL-143-48 and were capable of producing IL-1 both directly
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and by IL-1 containing microvesicles.44 Furthermore, megakaryo-
cytes can promote systemic inflammation through microvesicles
rich in IL-1,44,49 raising the possibility that megakaryocytes could
also contribute to inflammation in lymphoma. Our results suggest
that the BM microenvironment may be proinflammatory in TpoTg

mice compared with that in WT mice, a situation reversed inMpl−/−

mice, and that megakaryocytes present in increased numbers in
TpoTg BM could be a potential source of proinflammatory IL-1.

Enhanced proinflammatory Eμ-myc gene expression

in TpoTg mice

Next, we performed RNA sequencing of flow cytometry sorted
mCherry positive Eμ-myc tumor cells residing in blood from
lymphoma-bearing WT and TpoTg mice after Eμ-myc 5849 tumor
transplantation to look at differences in gene expression. As
expected, Eμ-myc tumor-bearing TpoTg mice had increased WBC
and lymphocyte counts compared with WT mice that underwent
transplantation (supplemental Figure 4A-B). Considering the hall-
mark gene sets, we focused on pathways associated with inflam-
mation. In blood-residing Eμ-myc cells in TpoTg mice, hallmark gene
sets associated with inflammatory response, IL-2 Signal Trans-
ducer and Activator of Transcription 5 (STAT 5) signaling, and
TNF-α signaling via Nuclear Factor kappa-light-chain-enhancer of
activated B cells (NF-κB) were significantly upregulated compared
with the WT (Figure 7A). Specific genes upregulated in these
proinflammatory pathways are highlighted in a mean difference plot
(Figure 7B) and specified in supplemental Table 1. Furthermore, in
support of a procoagulant state, we noted upregulated hallmark
gene sets associated with coagulation close to significance in
blood-residing Eμ-myc cells in TpoTg mice (Figure 7A). In summary,
it appears that the tumor microenvironment in TpoTg mice provided
a proinflammatory stimulus potentially through IL-1 in Eμ-myc tumor
cells.

Discussion

Our study identified that Eμ-myc lymphoma cells, when trans-
planted into TpoTg mice with a baseline of high megakaryocyte and
platelet numbers, exhibited enhanced lymphoma progression, with
increased WBC counts, spleen and lymph node weights, and liver
infiltration compared with WT mice that underwent transplantation.
Conversely, the tumor burden was modestly reduced in Mpl−/−

mice, with a baseline phenotype of low megakaryocyte and platelet
numbers. Similar results were observed upon transplantation of the
human NHL GRANTA cell line or Eμ-myc cells into anMpl-deficient
25 APRIL 2023 • VOLUME 7, NUMBER 8
thrombocytopenic and immunocompromised mouse model.
Moreover, the results were shown to be potentially applicable to
CLL when using the Eμ-Tcl-1 model; however, further research is
needed to draw definitive conclusions regarding CLL.

In our murine Eμ-myc NHL-model, we found evidence of increased
platelet activation with subsequent degranulation, based on
increased serum levels of soluble P-selectin. The majority of soluble
P-selectin is thought to be derived from platelets,30 although we
acknowledge that endothelial cells may also have contributed. NHL
is listed among the neoplasias with a high risk of venous throm-
boembolism18 and in support of this, our results indicate that
platelets degranulate in mice with increasing Eμ-myc lymphoma
load. Moreover, RNA sequencing of Eμ-myc lymphoma cells from
the blood of WT and TpoTg mice that underwent transplantation
identified upregulated hallmark gene sets of coagulation close to
significance in TpoTg mice, which exhibit a greater tumor burden
than WT mice.

Platelets are known to release a range of growth factors when
activated50 that can contribute to the enhanced survival of tumor
cells in coculture assays in vitro, as previously reported.21,22 In our
study, platelets or PRMs also enhanced the survival of Eμ-myc cell
lines in a setting when the lymphoma cells were stressed by serum
starvation. However, using pharmacological inhibition of platelet
function, anticoagulation, acute thrombocytopenia, or chronic Bcl-
xL–dependent thrombocytopenia, we could not find support in vivo
for platelets significantly contributing to advancing lymphoma in the
Eμ-myc transplant model of NHL.

In a previous study, we examined lymphomagenesis and the pre-
neoplastic phase in Eμ-myc mice, where Mpl−/− Eμ-myc mice
exhibited an enhanced preneoplastic phase with increased
numbers of PreB2 and immature B cells and augmented blood
lymphocyte counts.33 In this study, however, we scrutinized the
effect of Eμ-myc lymphoma progression after transplantation of
established tumor cells into mice with modulated megakaryocyte
and platelet numbers. In this study, a direct effect of TPO on Eμ-
myc lymphoma cells was unlikely, as elevated TPO levels were
present in both the TpoTg mice42 and Mpl−/− mice compared with
WT animals.42,51

Lymphoma cells require growth factors and cytokines derived from
the microenvironment for their nourishment and growth,52 and
inflammatory status provoked by the tumor microenvironment plays
an important role in the disease progression of NHLs.53 We
identified the proinflammatory cytokines IL-1α and IL-1β to be
ENHANCED LYMPHOMA PROGRESSION IN TpoTg MICE 1567
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elevated in the BM microenvironment of the TpoTg mouse
compared with WT mice, whereas IL-1α levels were reduced in
Mpl−/− mice. Megakaryocytes were present at 3-fold increased
numbers in TpoTg BM, compared with WT, but are reduced in
Mpl−/− mice5,25,42 and could be a potential source of IL-1. A recent
report demonstrated that lung megakaryocytes are immune
modulatory cells and that this can also be the case for BM-residing
megakaryocytes dependent on stimulus.54 Moreover, megakaryo-
cytes have been shown to promote systemic inflammation through
microvesicles rich in IL-1,44,49 raising the possibility that megakar-
yocytes could contribute to systemic inflammation in lymphoma.
The involvement of other BM cells known to produce IL-1, such as
fibroblasts, monocytes, macrophages, and dendritic cells55 was
not assessed.

IL-1β has a protumorigenic role across all cancer types56 and is
viewed as an attractive target for pharmacological intervention.
Importantly, increased IL-1β in serum is a marker associated with
poor prognosis in lymphoma, correlating with increased relapse
rates in patients with HL.57 IL-1β has also been shown to drive the
expression and production of other downstream protumorigenic
cytokines and growth factors, including IL-6, transforming growth
factor-beta, TNF-α, and epidermal growth factor in other cancers.56

Tumor-promoting effects of IL-1α have been reported, with high
levels correlating with metastatic disease, tumor dedifferentiation,
and lymph angiogenesis.56 Supporting this finding, we observed
enhanced liver dissemination of lymphoid tumor cells in TpoTg mice.
1568 AU et al
We found evidence of a response to a proinflammatory microen-
vironment reflected in Eμ-myc tumor cells. In blood-residing Eμ-myc
cells from TpoTg mice, hallmark gene sets associated with inflam-
matory response, IL-2 STAT 5 signaling, and TNF-α signaling via
NF-κB were upregulated. Notably, increased serum levels of TNF-α
and IL-2 are both markers associated with poor prognosis in
patients with NHL.53,57

The Canakinumab Anti-inflammatory Thrombosis Outcomes Study
provided proof of the potential of IL-1 neutralization in cancer.
Patients with stable coronary artery disease, without a diagnosis of
cancer at the time of enrollment, were treated with the anti–IL-1β
antibody canakinumab. The antibody significantly lowered overall
cancer mortality, particularly in lung cancer.58 These findings simu-
lated several clinical trials that studied blocking of IL-1β and other
inflammatory interleukins in cancer. Of interest for hematologic
malignancy, a phase 2 trial studying canakinumab monotherapy in
myelodysplastic syndrome and chronic myelogenous leukemia was
initiated in 2020 (#NCT04239157). Moreover, Anakinra is an IL-1R
antagonist in clinical trials for cancer therapy as monotherapy in B-
cell acute lymphocytic leukemia, B-cell lymphoma, B-cell NHL initi-
ated 2019 (#NCT04148430), and multiple myeloma initiated 2017
and 2019 and in combination therapy in other cancers.55

A recent study demonstrated that platelets enhanced multiple
myeloma progression via IL-1β upregulation.24 In this study we
discovered that a proinflammatory microenvironment with elevated
25 APRIL 2023 • VOLUME 7, NUMBER 8



BM IL-1 levels promoted Eμ-myc lymphoma progression in trans-
genic mice with elevated TPO levels and megakaryocyte numbers.
Conversely, lymphoma progression was suppressed in Mpl−/−

mice, with reduced megakaryocyte and IL-1 levels. It is tempting to
speculate that megakaryocytes or megakaryocytic microvesicles
may be a potential source of IL-1. The outcome of clinical trials
blocking IL-1β or IL1-R in patients with lymphoma will reveal the
clinical significance of our findings in the near future.
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29. Hérault A, Binnewies M, Leong S, et al. Myeloid progenitor cluster formation drives emergency and leukaemic myelopoiesis. Nature.
2017;544(7648):53-58.

30. Au AE, Josefsson EC. Regulation of platelet membrane protein shedding in health and disease. Platelets. 2017;28(4):342-353.

31. Li Z, Delaney MK, O’Brien KA, Du X. Signaling during platelet adhesion and activation. Arterioscler Thromb Vasc Biol. 2010;30(12):2341-2349.

32. Ng AP, Kauppi M, Metcalf D, et al. Mpl expression on megakaryocytes and platelets is dispensable for thrombopoiesis but essential to prevent
myeloproliferation. Proc Natl Acad Sci U S A. 2014;111(16):5884-5889.

33. Au AE, Lebois M, Sim SA, et al. Altered B-lymphopoiesis in mice with deregulated thrombopoietin signaling. Sci Rep. 2017;7(1):14953.

34. Bichi R, Shinton SA, Martin ES, et al. Human chronic lymphocytic leukemia modeled in mouse by targeted TCL1 expression. Proc Natl Acad Sci U S A.
2002;99(10):6955-6960.

35. Gorgun G, Ramsay AG, Holderried TA, et al. E(mu)-TCL1 mice represent a model for immunotherapeutic reversal of chronic lymphocytic leukemia-
induced T-cell dysfunction. Proc Natl Acad Sci U S A. 2009;106(15):6250-6255.

36. Hofbauer JP, Heyder C, Denk U, et al. Development of CLL in the TCL1 transgenic mouse model is associated with severe skewing of the T-cell
compartment homologous to human CLL. Leukemia. 2011;25(9):1452-1458.

37. Yan XJ, Albesiano E, Zanesi N, et al. B cell receptors in TCL1 transgenic mice resemble those of aggressive, treatment-resistant human chronic
lymphocytic leukemia. Proc Natl Acad Sci U S A. 2006;103(31):11713-11718.

38. Xu XR, Yousef GM, Ni H. Cancer and platelet crosstalk: opportunities and challenges for aspirin and other antiplatelet agents. Blood.
2018;131(16):1777-1789.

39. Izaguirre-Avila R, De la Peña-Díaz A, Barinagarrementería-Aldatz F, et al. Effect of clopidogrel on platelet aggregation and plasma concentration of
fibrinogen in subjects with cerebral or coronary atherosclerotic disease. Clin Appl Thromb Hemost. 2002;8(2):169-177.

40. Guenther F, Herr N, Mauler M, et al. Contrast ultrasound for the quantification of deep vein thrombosis in living mice: effects of enoxaparin and P2Y12
receptor inhibition. J Thromb Haemost. 2013;11(6):1154-1162.

41. Pleines I, Lebois M, Gangatirkar P, et al. Intrinsic apoptosis circumvents the functional decline of circulating platelets but does not cause the storage
lesion. Blood. 2018;132(2):197-209.

42. Lebois M, Dowling MR, Gangatirkar P, et al. Regulation of platelet lifespan in the presence and absence of thrombopoietin signaling. J Thromb Haemost.
2016;14(9):1882-1887.

43. Beaulieu LM, Lin E, Mick E, et al. Interleukin 1 receptor 1 and interleukin 1β regulate megakaryocyte maturation, platelet activation, and transcript profile
during inflammation in mice and humans. Arterioscler Thromb Vasc Biol. 2014;34(3):552-564.

44. Cunin P, Penke LR, Thon JN, et al. Megakaryocytes compensate for Kit insufficiency in murine arthritis. J Clin Invest. 2017;127(5):1714-1724.

45. Jiang S, Levine JD, Fu Y, et al. Cytokine production by primary bone marrow megakaryocytes. Blood. 1994;84(12):4151-4156.
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