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Original submission 

First decision letter 

MS ID#: DEVELOP/2019/184291 

MS TITLE: Rapamycin suppresses the development of lymphatics in bone 

AUTHORS: Marco Monroy, Anna McCarter, Devon Hominick, Nina Cassidy, and Michael Dellinger 

I have now received all the referees' reports on the above manuscript, and have reached a decision. 
The referees' comments are appended below, or you can access them online: please go to 
BenchPressand click on the 'Manuscripts with Decisions' queue in the Author Area. 

As you will see, the referees express considerable interest in your work, but have some significant 
criticisms and recommend a substantial revision of your manuscript before we can consider 
publication. If you are able to revise the manuscript along the lines suggested, which may involve 
further experiments, I will be happy receive a revised version of the manuscript. Your revised paper 
will be re-reviewed by one or more of the original referees, and acceptance of your manuscript will 
depend on your addressing satisfactorily the reviewers' major concerns. Please also note that 
Development will normally permit only one round of major revision. 

Please attend to all of the reviewers' comments and ensure that you clearly highlight all changes 
made in the revised manuscript. Please avoid using 'Tracked changes' in Word files as these are lost 
in PDF conversion. I should be grateful if you would also provide a point-by-point response detailing 
how you have dealt with the points raised by the reviewers in the 'Response to Reviewers' box. If 
you do not agree with any of their criticisms or suggestions please explain clearly why this is so. 

Reviewer 1 

Advance summary and potential significance to field 

Monroy et al. extend on their previous characterisation of mouse models of GLA (generalised 
lymphatic anomaly; Rodriguez-Laguna et al. JEM 2019) and GSD (Gorham-Stout disease Hominick et 
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al. eLIFE 2018), to study the mechanisms by which ectopic bone lymphatics develop in these 
diseases. Using lineage tracing, they show that bone lymphatics form from pre-existing Prox1-
positive LECs. They further use Csf1 deficient mice lacking osteoclasts to show that osteoclasts are 
required for invasion of bone lymphatics. Finally, they show that rapamycin treatment can inhibit 
the formation of bone lymphatics. 
 
The experiments are well performed and controlled, but the novelty of the findings is limited. The 
description of the process of bone lymphatic vessel formation does not extend much beyond the 
authors’ previous work. In addition, the authors showed earlier that rapamycin can inhibit 
lymphatic hyperplasia in the GLA model (although this was not shown specifically in the bone). The 
main novel findings of the current study are that bone lymphatic vessels develop from pre-existing 
LECs, and that osteoclasts are required for lymphatic invasion of the bone. However, mechanistic 
understanding into the process of lymphatic invasion is lacking; for example, how are osteoclasts 
activated (by LECs?) to facilitate bone lymphatic vessel formation. Such information may give 
understanding not only of the disease process but also of why bones are normally devoid of 
lymphatic vessels. 
 
Comments for the author 
 
Major comments: 
1. The description of the process of bone lymphatic vessel formation (Figure 6) does not seem to 
extend beyond what the authors described previously (Hominick et al, 2018). Increase in osteoclast 
numbers (Figure 7C) was also described by Hominick et al. 
2. Csf1 is not only required for the development of osteoclasts, but Csf1 mutant mice have 
generalized macrophage deficiency and show a strong reduction of marrow cells. In addition it 
should be noted that they exhibit bone phenotype early on, prior to induction of lymphatic vessel 
growth. This together with the authors’ previous data (Hominick et al, 2018) showing that inhibition 
of osteoclast activity by zoledronic acid did not prevent formation of bone lymphatics may indicate 
that the conclusion on the role of osteoclasts facilitating lymphatic invasion is not as 
straightforward as presented. Can the authors exclude that developmental changes in the bone due 
to lack of osteoclasts make the bone inaccessible to lymphatic invasion (which would be different 
from the suggested role of osteoclasts in facilitating the process of lymphatic invasion)? Can they 
exclude the role of other Csf1-dependent cells? How are osteoclasts activated during the process of 
lymphatic invasion? 
3. It is not unexpected that rapamycin - which targets mTor, the key downstream effector 
downstream of the Vegfc/Vegfr3/PI3K signaling – inhibits development of bone lymphatics when 
administered before induction of vessel growth. From the clinical perspective, it would be valuable 
to know if rapamycin treatment also leads to regression of bone lymphatic vessels. 
 
Minor comments: 
The conclusion on the length of the washout period of tamoxifen is misleading (pages 5, 7). I 
understand that the authors use the assay to (correctly) conclude on the lack of tamoxifen activity 
at the time point when vessel growth begins, but since no time points were analyzed in between +1 
and +14 (Figure 4) or +28 (Figure 9) days after tamoxifen administration, earlier loss of nuclear 
CreERT2 staining would be missed (i.e. washout period may be shorter than what is stated). This 
work definitely goes further than most studies in validating the lineage tracing protocol, but it may 
be worth considering that the kinetics of tamoxifen distribution and retention may be different in 
different tissues and cell types (hepatocytes vs. LECs). 
 
 
Reviewer 2 
 
Advance summary and potential significance to field 
 
1. In this interesting manuscript the authors effectively build on their recent work on mouse models 
of generalized lymphatic anomaly (GLA) and Gorham-Stout disease (GSD), reported in references 
(7) and (9), by describing novel and potentially clinically meaningful evidence of the cellular source 
of bone lymphatics and efficacy of rapamycin in reducing bone lymphatic growth in these models.  
 



Development | Peer review history 

© 2020. Published by The Company of Biologists under the terms of the Creative Commons Attribution License 
(https://creativecommons.org/licenses/by/4.0/). 3 

2. Among the strengths and innovations of the manuscript are the focus on these serious but 
understudied lymphatic anomalies impacting bones, which deserve greater attention in preclinical 
studies to elucidate underlying mechanisms. Another strength is the creation and use of multiple 
novel mutant and reporter mice to determine the origin of bone lymphatics and to assess the 
consequences of lymphatic overgrowth induced in bone by VEGF-C overexpression or PIK3CA 
mutation.  
 
Comments for the author 
 
General Comments 
 
3. Despite these strengths, multiple concerns about the manuscript as currently written would need 
to be addressed to make the story compelling and interesting to a broad readership. 
 
4. One concern is that the Introduction does not describe the relevant background or objectives in 
sufficient detail to clearly distinguish the work from the authors’ previous reports (references 7 and 
9). The statement (page 3) that the study characterizes the development of bone lymphatics and 
the effect of rapamycin on this process understates (i) the scope of the study; (ii) how the work 
extends previous studies by the authors (references 7, 9) and others on lymphatic anomalies in 
various organs of mice; and (iii) how PIK3CA mutations fit into the broad context of genetic defects 
that can lead to lymphatic anomalies.  
 
5. Apparent overlap of this report with data presented in references (7) and (9) deserves particular 
attention. Reference (7) describes lymphangiogenesis in Prox1-CreERT2;LSL-Pik3caH1047R mice 
growth of lymphatics into bones of these mice, and prevention of this lymphatic growth by 
rapamycin. Reference (9) reports the growth of lymphatics into bones of Osx-tTA;TetO-Vegfc mice, 
time-dependent progression of this lymphatic growth from P21 to P35, greater abundance of TRAP+ 
osteoclasts near lymphatics in bones of these mice, and reduction in bone loss by treatment with 
an osteoclast inhibitor.  
 
6. Data from genetic mouse models would be easier for readers to understand if the authors set out 
at the beginning of the Results their assumptions underlying the creation and use of each type of 
mutant mouse, along with accompanying authentication and other documentation. Some of these 
details could be presented in a table that lists the genotype of each mouse, a functionally 
meaningful shorthand name for subsequent use in the text, and supportive references. Use of 
shorthand names would streamline the narrative of the Results and Discussion, where terms like 
“Osx-tTA-TetO-Cre;TetO-Vegfc;mT/mG mice” and “Prox1-CreERT2;LSL-Pik3caH1047R;mT/mG 
mice” are cumbersome and must be deciphered by the reader at each appearance. Each 
assumption should also be critically assessed in the Discussion. 
 
7. More attention is also needed for critical assessment of the strengths and limitations of the 
major findings. Each section of the Results ends with the authors’ preferred interpretation in the 
form of a statement describing what the findings “show”. Instead, for greater rigor, the authors 
should give an objective assessment of possible meanings and significance of the findings. Where 
the preferred interpretation is cited as one of multiple possibilities, special attention should be 
given to distinguishing results (data) from the authors’ interpretation of results (interpretations).  
 
8. Examples are as follows:  
a. The interpretation that lymphatics in bones of Osx-tTA;TetO-Vegfc;mT/mG mice did not arise 
from Osterix-expressing cells is based on the lack of colocalization of GFP and LYVE-1. However, 
the authors state in the Results (page 4) their conclusion – which was not a result - that 
“lymphatics…did not express GFP” and in the legend for Supplemental Figure 1 that “lymphatics do 
not express GFP”, rather than describing the actual finding. In this case, the result was that no 
colocalization of staining for GFP and LYVE-1 was detected, or, in other words, lymphatics detected 
by LYVE-1 staining did not stain for GFP. 
b. More information is also needed to explain why GFP-positive cells in LYVE-1Cre;mT/mG mice 
(Figure 1C) were not considered lymphatic endothelial cells, whereas LYVE-1+ structures in Osx-
tTA-TetO-Cre;TetO-Vegfc;mT/mG mice (Supplemental Figure 1) were considered lymphatics. The 
authors should describe how they determined that LYVE-1+ cells in bone marrow were not 
lymphatic endothelial cells or precursors thereof. 
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c. More critical consideration is also needed of the identity of GFP-positive/LYVE-1-negative 
channel-like structures that are abundant in Supplemental Figure 1 (arrows).  
d. The statement that “results show that bLECs in Osx-tTA;TetO-Vegfc mice originate from 
preexisting Prox1-positive LECs” (page 6) is inconsistent with evidence that at least 8% of 
lymphatics in Osx-tTA;TetO-Vegfc;Prox1-CreERT2;mT/mG mice did not express GFP and is further 
weakened by the absence of data for the number of mice examined and the mouse to mouse 
variability in GFP staining of bone lymphatics. Please add the missing data and tone down the 
claim. 
 
9. Data on washout of tamoxifen-mediated effects in Prox1-CreERT2 mice (pages 5 and 7) are 
interpreted as showing that it takes approximately 14 days (Figure 4) or 28 days (Figure 9) to wear 
off. However, in both cases, ER was found in the liver at 1 day but not at any later time point. The 
interpretation that washout took 14 or 28 days does not make sense, considering that the value 
could be any time more than 1 day. Please remedy this inconsistency. 
 
10. Key quantitative lineage tracing data indicate that 92% of lymphatics had GFP staining (page 6 
Figure 5). However, Figure 5 does not present any quantitative data. Instead, the legend indicates 
that 83/90 lymphatics expressed GFP at P65. Please add to Figure 5 a graph showing the mean, 
SEM, and number of mice examined and, for comparison, the corresponding values for P45 and 
negative controls. This is important because staining for podoplanin and GFP was present at P45 
(Figure 5B). 
 
11. Clarification and justification are needed for the use of Osx-tTA;TetO-Vegfc;Prox1-
CreERT2;mT/mG mice, where podoplanin-positive and GFP-positive cells are interpreted as bone - 
NOT lymphatics - at P45, but are interpreted as lymphatics at P65 (page 6, Figure 5). What changed 
from P45 to P65? More information is needed for the assumptions underlying the interpretation that 
the results “show” that lymphatics in bone arose from pre-existing lymphatics. How were VEGF-C 
activated lymphatic progenitors in bone excluded? What criteria were used to identify lymphatics?  
 
12. The authors effectively show the time-course of growth of lymphatics into ribs of Osx-tTA;TetO-
Vegfc mice on drinking water, where VEGF-C was overexpressed in bone from P0 to P32 (page 6, 
Figure 6). The abundance of bone lymphatics in these mice from P28 onward does not fit with the 
slower appearance of bone lymphatics in Osx-tTA;TetO-Vegfc;Prox1-CreERT2;mT/mG mice, where 
bone lymphatics were absent at P45, but were present at P65 (page 6, Figure 5). A bridge is needed 
to reconcile the two data sets.  
 
13. Counts of osteoclasts near lymphatics, presented as evidence of close association of osteoclasts 
with invading lymphatics in Osx-tTA;TetO-Vegfc mice (page 6, Figure 7), would be more compelling 
if accompanied by data indicating that osteoclasts were preferentially associated with invading 
lymphatics or vice versa. Without other data for comparison, it is difficult to interpret the 
functional significance of the value of 6 osteoclasts/mm lymphatic surface (Figure 7C). By 
comparison, data in Figure 3H, I, J in reference (9) are more convincing. Figure 7A-C should be 
updated to extend the data published in (9) or deleted.  
 
14. To understand the contribution of CSF1 to lymphatic development in bone (pages 6-7, Figures 7-
8), more information is needed about the consequences of global CSF1 deletion in Osx-tTA;TetO-
Vegfc;Csf1mut/mut mice. Because CSF1 regulates proliferation and differentiation of multiple 
types of hematopoietic precursors, the rationale for attributing impaired lymphatic growth to 
osteoclasts needs more compelling justification. Data supporting the involvement of osteoclasts 
should be updated to extend more convincingly the data presented in the authors’ earlier paper 
(9).  
 
15. In studies of Prox1-CreERT2;LSL-Pik3caH1047R;mT/mG mice (page 7, Figure 9), the time-course 
of lymphatic growth deserves greater consideration to explain the sequence of events after the 
onset of tamoxifen at P31: bone lymphatics were absent at P43 and P70 but were abundant at P98. 
It is unclear why the appearance of bone lymphatics at P98 was slower than the lymphatic 
hyperplasia at P70 in Prox1-CreERT2;LSL-Pik3caH1047R mice, shown in the authors’ previous report 
(7). Please explain. 
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16. Given the translational link of the use of rapamycin to treat GLA and GSD, please explain the 
rationale for studying rapamycin suppression - NOT regression - of lymphatic growth in Osx-
tTA;TetO-Vegfc mice (page 8, Figure 10). Experiments that determine whether rapamycin can 
promote regression of established lymphatics in bones of these mice would have greater relevance 
to treatment of lymphatic anomalies in GLA and GSD patients.  
 
17. Comment #16 should also be addressed for rapamycin effects on in vitro studies of LECs (page 8 
Figure 11) and on lymphatics in Prox1-CreERT2;LSL-Pik3caH1047R mice, where treatment was 
started at P70 in a prevention trial before lymphatics were evident in bone (page 9, Figure 12). 
 
18. The literature documenting the greater efficacy of rapamycin in suppressing lymphangiogenesis 
than reversing lymphangiogenesis in mouse models should be cited and considered in the context of 
the findings in the authors’ models.  
 
19. Critical consideration of other interpretations of the lineage tracing data is a positive feature of 
the Discussion (page 9). However, most other parts of the Discussion are less analytical and critical. 
Alternative interpretations of experiments using Osx-tTA;TetO-Vegfc;Csf1mut/mut mice are not 
discussed, and the limitations of the findings are not considered. The Discussion would be 
strengthened by greater attention to the strengths and limitations of the principal findings, mouse 
models, and methods of analysis.  
 
Specific Comments 
 
1. Title. The current title does not distinguish this paper from the authors’ previous work reported 
in reference (7) that describes rapamycin suppression of lymphatic growth into bones in a model of 
GLA. Please fix. 
 
2. Results. References in the Results to Figures 1-12 should specify the relevant part or parts of 
each figure cited, e.g., Figure 1C instead of Figure 1; Figure 9G, H instead of Figure 9. 
 
3. Results and Methods. Please explicitly state that Osx-tTA;TetO-Vegfc mice had a Tet-Off 
construct where doxycycline was required to suppress VEGF-C expression during embryonic 
development. This is implied in the experimental design, but not adequately described.  
 
4. Figures 3B, 4B, 8M, 9B. The interpretation of horizontal bar graphs in these figures is not as 
intuitively obvious as conventional vertical bar graphs. Replacement with vertical bar graphs is 
recommended. 
 
5. Figure 5B and legend. It is unclear why podoplanin staining in bones of Osx-tTA;TetO-
Vegfc;Prox1-CreERT2;mT/mG mice is attributed to osteocytes at P45 but is attributed to lymphatics 
at P65. Some “osteocytes” appear to have GFP staining (5B, lower left, arrow). Please clarify by 
providing the criteria used to identify lymphatics and to distinguish podoplanin-positive and GFP-
positive osteocytes from lymphatic endothelial cells. 
 
6. Figure 5B and legend. The legend refers to asterisks (red) that mark GFP-positive lymphatics, but 
the two upper panels of Figure 5B are described as showing podoplanin staining, including the 
upper right image, where asterisks are described as marking GFP-positive lymphatics. Is the brown 
staining in Figure 5B (upper right panel) podoplanin or GFP? Please clarify the text or correct the 
error.  
 
7. Figures 6, 8. Means ± SEM of Lymphatic Vessel Indices in the legend for Figures 6 would be easier 
to compare and interpret if presented in table(s), instead of in the figure legend. The same applies 
to osteoclast and lymphatic data in the legend for Figure 8.  
 
8. Figure 9. The text of the Results (page 7) refers to the age of mice as P31 to P98, whereas the 
figure refers to mouse age as days after tamoxifen (1d, 28d, or 56d Post-Tam). The data would be 
easier to understand if the same nomenclature was used for mouse age in the text and figure. P31 
to P98 is recommended. 
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9. Figure 10 and other figures showing bone lymphatics. The shape of lymphatics that form within 
or around bone after VEGF-C overexpression in Osx-tTA;TetO-Vegfc mice deserves consideration. 
Images in Figures 5-7 and 10 indicate that the lymphatic structures do not have a tubular shape 
typical of normal lymphatics. Please determine and describe their shape. 
 
10. Figure 10B, C. Bone lymphatics appear to be filled with bone marrow cells. This feature is not 
addressed in the figure legend and should be addressed. How was the lumen of lymphatics 
identified? Staining for podocalyxin could be used to distinguish the luminal from abluminal surface 
of lymphatics and help elucidate the topology of bone lymphatics. 
 
11. Methods, page 13. Measurements of lymphatics. The description of how lymphatics were 
quantified and expressed as Lymphatic Vessel Index or Lymphatics Per Femur needs more detail. 
How many mice were included in each group? How many images were measured per mouse? What 
area of tissue was included in each image? How was the “entire femur” scanned and counted? What 
are the units of Lymphatic Vessel Index and Lymphatics Per Femur? Grid intersections should be 
converted to metric units used for conventional morphometric measurements. Did the measuring 
grid actually have an area of 19,000 cm2 (1.9 square meters)? If so, please explain how this large 
grid was used for this purpose. 
 
 
Reviewer 3 
 
Advance summary and potential significance to field 
 
This paper by Monroy and colleagues employs mouse models of the human lymphatic diseases 
generalized lymphatic anomaly (GLA) and Gorham-Stout disease (GSD) that were generated by this 
team, to address the important question of the developmental origin of the lymphatic vasculature 
found within bone in these diseases. Lineage tracing evidence demonstrates that lymphatics found 
within the bone in both of these models of disease are derived from pre-existing lymphatic vessels 
that are induced to invade the bone in response to increased levels of VEGF-C/elevated PIK3CA 
activity.  
Intriguingly, the invasion process in the GSD model was shown to be dependent on osteoclasts, 
which presumably release proteases required to facilitate bone degradation. Rapamycin, currently 
used to treat GSD and GLA was shown to reduce the development of lymphatics within the bone in 
both mouse models. In general, the experiments undertaken in this study are well designed, 
carefully controlled and rigorously analysed. The manuscript is well written and clearly illustrated. 
The study answers a long posed question and provides new insight to a poorly understood disease 
process.  
Addressing the following points would further strengthen the manuscript. 
 
Comments for the author 
 
1. Figure 2: The addition of a schematic illustrating bone structure to help the reader correlate 
where the images depicted were taken would be beneficial.  
 
2. Figure 3: This figure, documenting important immunostaining controls, could potentially be 
shifted to Supplemental data.  
 
3. Page 5, Figure 4: It would be informative to understand the rationale of looking 1, 14 and 28 
days following tamoxifen administration at nuclear Cre localization, this seems like a long timeline. 
Were any timepoints between 1 and 14 days assessed? I suspect that the effects of tamoxifen do 
not extend to 14 days post administration, so the statement that “it takes approximately 14 days 
for the effects of tamoxifen to wear off” should possibly be revised.  
 
4. What is the identity of the GFP-positive bone cells present in OsxtTA;TetO-
Vegfc;Prox1CreERT2;mT/mG mice at P45 (Figure 5B)? 
 
5. Figure 6: As for Figure 2, a schematic illustrating where the images shown correspond to within 
the thoracic cavity would be useful.  
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6. Figure 7 could either be incorporated to Figure 8, or shifted to Supplemental data. 
 
7. Page 7, Figure 9: As with point 3 above, if CreERT2 localisation was only examined at P43 and 
P70, how has the conclusion been reached that “it takes approximately 28 days for the effects of 
tamoxifen to wear off”? Might it not be faster than 28 days? 
 
8. Page 7, Figure 9: Does the 70% GFP labelling of LECs within the bone of 
Prox1CreERT2;mT/mG;LSLPik3caH1047R mice reflect incomplete Cre excision or a potential 
contribution from an additional progenitor cell source? This is discussed on page 9, but the 
statement “These results show that bLECs originate from pre-existing…” in the results section on 
page 7 should be amended to allow for the possibility that additional sources of cells contribute/or 
that Cre labelling is incomplete. 
 
 

 
 
First revision 
 
Author response to reviewers' comments 
 
We thank the reviewers for their valuable comments. We believe that their comments have 
significantly improved the manuscript. Please find below the reviewer comments (bold text), our 
responses to the comments (normal text), and changes to the manuscript (italicized text). 
 
Reviewer 1 Advance Summary and Potential Significance to Field... 
 
Monroy et al. extend on their previous characterisation of mouse models of GLA (generalised 
lymphatic anomaly; Rodriguez-Laguna et al. JEM 2019) and GSD (Gorham-Stout disease, 
Hominick et al. eLIFE 2018), to study the mechanisms by which ectopic bone lymphatics 
develop in these diseases. Using lineage tracing, they show that bone lymphatics form from 
pre-existing Prox1-positive LECs. They further use Csf1 deficient mice lacking osteoclasts to 
show that osteoclasts are required for invasion of bone lymphatics. Finally, they show that 
rapamycin treatment can inhibit the formation of bone lymphatics. 
 
The experiments are well performed and controlled, but the novelty of the findings is limited. 
The description of the process of bone lymphatic vessel formation does not extend much 
beyond the authors’ previous work. In addition, the authors showed earlier that rapamycin can 
inhibit lymphatic hyperplasia in the GLA model (although this was not shown specifically in the 
bone). The main novel findings of the current study are that bone lymphatic vessels develop 
from pre-existing LECs, and that osteoclasts are required for lymphatic invasion of the bone. 
However, mechanistic understanding into the process of lymphatic invasion is lacking; for 
example, how are osteoclasts activated (by LECs?) to facilitate bone lymphatic vessel 
formation. Such information may give understanding not only of the disease process but also of 
why bones are normally devoid of lymphatic vessels. 
 
Reviewer 1 Comments for the Author. 
 
Major comments: 
 
1. The description of the process of bone lymphatic vessel formation (Figure 6) does not seem 
to extend beyond what the authors described previously (Hominick et al, 2018). Increase in 
osteoclast numbers (Figure 7C) was also described by Hominick et al. 
 
We have updated the manuscript to describe how our new findings are different from and extend 
our previous observations.  
 
Changes related to the development of bone lymphatics. 
(Results - Page 6): “Next, we set out to characterize the stepwise development of bone 
lymphatics. We previously analyzed the development of bone lymphatics in femurs from Osx-
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tTA;TetO-Vegfc mice (Hominick et al., 2018). We reported that we could detect lymphatics in 
cortical bone before we could detect them in the marrow cavity (Hominick et al., 2018). It is 
standard practice to strip femurs free of connective tissue before fixing and decalcifying them. 
Because we did that in our previous study, we were not able to characterize the initial stages of 
development of bone lymphatics. To fill this gap in knowledge, we analyzed tissue sections where 
we kept the periosseous muscle tissue and periosteum intact. The periosteum is the layer of tissue 
that covers the outside surface of bones. We collected ribs from TetO-Vegfc and Osx-tTA;TetO-
Vegfc mice on P20, P24, P28 and P32 and stained tissue cross sections with an antibody against 
Lyve1 (Fig. 5A). We then surveyed the periosseous muscle, cortical bone, and marrow cavity for 
lymphatics (Fig. 5B). Lymphatics in TetO-Vegfc mice were restricted to the intercostal muscle 
tissue and they never traversed across the periosteum (Fig. 5C-H, Table 2). In contrast, regional 
lymphatics in Osx-tTA;TetO-Vegfc mice grew, breached the periosteum, separated the periosteum 
from bone, and then gradually invaded bone (Fig. 5C-H, Table 2).”  
 
(Discussion – Page 9): “We previously analyzed the development of bone lymphatics in femurs from 
Osx-tTA;TetO-Vegfc mice (Hominick et al., 2018). However, we were not able to examine the 
initial stages of bone lymphatic development because we peeled away the periosseous muscle 
tissue from our samples. In the present study, we analyzed samples where we kept the periosseous 
tissue intact. This allowed us to gain further insight into the development of bone lymphatics. We 
found that lymphatics in control mice were restricted to the periosseous muscle tissue and they 
never crossed the periosteum. This raises the possibility that the periosteum protects bones from 
lymphatics. Additionally, the periosteum may express factors that prevent lymphatics from 
invading bone. Future in vitro and in vivo experiments could reveal whether the periosteum 
shields bones from lymphatics and inhibits lymphangiogenesis. In contrast to control mice, mutant 
mice had lymphatics that grew, breached the periosteum, and then separated the periosteum 
from the underlying bone. The periosteum contains progenitor cells that differentiate into 
osteoblasts, which are cells that synthesize new bone (Dwek, 2010). Therefore, lymphatics in 
mutant mice might affect bone regeneration and repair by coming between the periosteum and 
bone. If this occurs in patients, it could contribute to the bone regeneration/repair defects 
observed in GLA and GSD.” 
 
Changes related to osteoclasts. 
(Results - Page 6): “Although we previously reported that Osx-tTA;TetO-Vegfc mice have more 
osteoclasts than control mice, we did not examine the relationship between osteoclasts and 
lymphatics in bone (Hominick et al., 2018). To determine whether osteoclasts were associated 
with lymphatics invading bone, we stained serial sections of bone from Osx-tTA;TetO-Vegfc mice 
for TRAP activity (marker of osteoclasts) and Lyve1. We found that osteoclasts were closely 
associated with invading lymphatics (Fig. S5).”  
 
2. Csf1 is not only required for the development of osteoclasts, but Csf1 mutant mice have 
generalized macrophage deficiency and show a strong reduction of marrow cells. In addition, it 
should be noted that they exhibit bone phenotype early on, prior to induction of lymphatic 
vessel growth. This together with the authors’ previous data (Hominick et al, 2018) showing 
that inhibition of osteoclast activity by zoledronic acid did not prevent formation of bone 
lymphatics may indicate that the conclusion on the role of osteoclasts facilitating lymphatic 
invasion is not as straightforward as presented. Can the authors exclude that developmental 
changes in the bone due to lack of osteoclasts make the bone inaccessible to lymphatic invasion 
(which would be different from the suggested role of osteoclasts in facilitating the process of 
lymphatic invasion)? Can they exclude the role of other Csf1-dependent cells? How are 
osteoclasts activated during the process of lymphatic invasion? 
 
We have tempered our conclusions on the role osteoclasts serve in the development of bone 
lymphatics and have updated the Discussion to include alternative interpretations of our data. We 
also discuss a potential molecular mechanism by which osteoclasts are activated during the process 
of lymphatic invasion. We are in the process of acquiring floxed mice to perform the experiment 
described in the Discussion. 
 
(Discussion - Page 9): “Lymphatics need to pass through cortical bone before they colonize the 
marrow cavity. We previously showed that LECs cannot directly degrade a matrix that mimics bone 
(Hominick et al., 2018). Therefore, a different cell type must clear the way for LECs. Osteoclasts 
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are large multinucleated cells that resorb bone. We previously reported that Osx-tTA;TetO-Vegfc 
mice have more osteoclasts than control mice (Hominick et al., 2018). In the present study we 
characterized the relationship between osteoclasts and lymphatics. We found that osteoclasts 
were closely associated with lymphatics invading bone. This raises the possibility that osteoclasts 
clear a path through bone for LECs. The close association between osteoclasts and lymphatics also 
raises the possibility that these two cell types communicate with one another. Indeed, LECs have 
been reported to secrete M-CSF, a factor that promotes osteoclast development, and conditioned 
media from LECs has been shown to promote the formation of osteoclasts in a M-CSF-dependent 
manner (Wang et al., 2017). Conversely, osteoclasts have been reported to express VEGF-C (Zhang 
et al., 2008). The potential crosstalk between LECs and osteoclasts may serve an important role in 
the development of bone lymphatics. In the future, M-CSF could be conditionally deleted in LECs 
to determine whether its production by LECs promotes osteoclast formation in vivo and the 
invasion of bone by lymphatics.” 
 
(Discussion - Page 10): “We previously reported that zoledronic acid (an osteoclast inhibitor) 
attenuated bone loss, but not the development of bone lymphatics, in Osx-tTA;TetO-Vegfc mice 
(Hominick et al., 2018). However, here we report that the invasion of bone by lymphatics is 
impaired in Osx-tTA;TetO-Vegfc;Csf1mut/mut mice. One potential reason for this discrepancy is that 
the different approaches we used to inhibit osteoclasts differ in their ability to block osteoclast 
development and activity. Although zoledronic acid-treated mice had fewer osteoclasts than 
vehicle-treated mice (Hominick et al., 2018), they still had osteoclasts. In contrast, Osx-tTA;TetO-
Vegfc;Csf1mut/mut mice completely lacked osteoclasts. It is possible that the remaining osteoclasts 
in zoledronic acid-treated mice were sufficient to facilitate the development of bone lymphatics. 
It is also possible that the structural changes to bone in Osx-tTA;TetO-Vegfc;Csf1mut/mut mice make 
the bone impenetrable to lymphatics or that the loss of other Csf1-dependent cells impairs the 
development of lymphatics in bone in Osx-tTA;TetO-Vegfc;Csf1mut/mut mice. Presently, we are not 
able to distinguish between these possibilities.”  
 
3. It is not unexpected that rapamycin - which targets mTor, the key downstream effector 
downstream of the Vegfc/Vegfr3/PI3K signaling – inhibits development of bone lymphatics when 
administered before induction of vessel growth. From the clinical perspective, it would be 
valuable to know if rapamycin treatment also leads to regression of bone lymphatic vessels. 
 
We agree with the reviewer that it would be interesting to know whether rapamycin could induce 
the regression of bone lymphatics. However, Osx-tTA;TetO-Vegfc and Prox1-CreERT2;LSL-
Pik3caH1047R mice develop a pleural effusion and die shortly after they develop lymphatics in bone. 
This makes it extremely challenging to perform reversal studies with our models. We have updated 
the Discussion to describe this limitation. Although we do not show that rapamycin can cause 
lymphatics in bone to regress, we do show for the first time that rapamycin can suppress the 
formation of lymphatics in bone. We believe that this finding is still clinically relevant and provides 
further support for the testing of rapamycin in GLA and GSD patients. 
 
(Discussion - Page 10): “One outstanding question is whether rapamycin can induce the regression 
of lymphatics in bone. Unfortunately, a majority of our Osx-tTA;TetO-Vegfc and Prox1-
CreERT2;LSL-Pik3caH1047R mice develop a pleural effusion and die shortly after they develop 
lymphatics in bone. This makes reversal studies with our models extremely challenging. Although 
we do not show that rapamycin can cause lymphatics in bone to regress, we believe that our 
preclinical findings provide further support for the testing of rapamycin in GLA and GSD patients.” 
 
Minor comments: 
 
The conclusion on the length of the washout period of tamoxifen is misleading (pages 5, 7). I 
understand that the authors use the assay to (correctly) conclude on the lack of tamoxifen 
activity at the time point when vessel growth begins, but since no time points were analyzed in 
between +1 and +14 (Figure 4) or +28 (Figure 9) days after tamoxifen administration, earlier 
loss of nuclear CreERT2 staining would be missed (i.e. washout period may be shorter than what 
is stated).  
 
We apologize for the error and have corrected the text. 
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(Results - Page 5): “We found that CreERT2 was localized to the nucleus on P28 but not on P41 or 
P55 (Fig. 3B-F). These results suggest that the effects of tamoxifen on CreERT2 localization wear 
off sometime between P28 and P41.” 
 
(Results - Page 7): “Like before, we assessed the localization of CreERT2 by immunostaining for ER. 
CreERT2 was localized to the nucleus on P43 but not on P70 (Fig. 7B-E). These results suggest that 
the effects of tamoxifen on CreERT2 localization wear off sometime between P43 and P70.” 
 
This work definitely goes further than most studies in validating the lineage tracing protocol, 
but it may be worth considering that the kinetics of tamoxifen distribution and retention may 
be different in different tissues and cell types (hepatocytes vs. LECs). 
 
We have updated the manuscript to note that the kinetics of tamoxifen distribution and retention 
may be different in different tissues. 
 
(Results - Page 5): “We were unable to assess the effect of tamoxifen on CreERT2 localization in 
bone because Prox1-CreERT2 mice do not exhibit Cre activity in bone. We decided to analyze livers 
from Prox-1CreERT2 mice because Prox1 is expressed by hepatocytes and because the size and 
shape of hepatocytes would allow us to reliably distinguish between cytoplasmic and nuclear 
localization of the CreERT2 protein. We found that CreERT2 was localized to the nucleus on P28 but 
not on P41 or P55 (Fig. 3B-F). These results suggest that the effects of tamoxifen on CreERT2 
localization wear off sometime between P28 and P41. However, the kinetics of tamoxifen 
distribution and retention may be different in different tissues.” 
 
Reviewer 2 Advance Summary and Potential Significance to Field. 
 
Reviewer 2 Comments for the Author: 
 
General Comments. 
 
1. In this interesting manuscript the authors effectively build on their recent work on mouse 
models of generalized lymphatic anomaly (GLA) and Gorham-Stout disease (GSD), reported in 
references (7) and (9), by describing novel and potentially clinically meaningful evidence of the 
cellular source of bone lymphatics and efficacy of rapamycin in reducing bone lymphatic 
growth in these models. 
 
2. Among the strengths and innovations of the manuscript are the focus on these serious but 
understudied lymphatic anomalies impacting bones, which deserve greater attention in 
preclinical studies to elucidate underlying mechanisms. Another strength is the creation and 
use of multiple novel mutant and reporter mice to determine the origin of bone lymphatics and 
to assess the consequences of lymphatic overgrowth induced in bone by VEGF-C overexpression 
or PIK3CA mutation.  
 
3. Despite these strengths, multiple concerns about the manuscript as currently written would 
need to be addressed to make the story compelling and interesting to a broad readership. 
 
4. One concern is that the Introduction does not describe the relevant background or 
objectives in sufficient detail to clearly distinguish the work from the authors’ previous reports 
(references 7 and 9). The statement (page 3) that the study characterizes the development of 
bone lymphatics and the effect of rapamycin on this process understates (i) the scope of the 
study; (ii) how the work extends previous studies by the authors (references 7, 9) and others 
on lymphatic anomalies in various organs of mice; and (iii) how PIK3CA mutations fit into the 
broad context of genetic defects that can lead to lymphatic anomalies.  
 
We have edited the Introduction and have expanded the Results and Discussion sections to highlight 
how our findings are different from and extend our previous work. We also reference others work 
on lymphatic anomalies in mice. We hope that these revisions and additions satisfy the reviewer. 
 
5. Apparent overlap of this report with data presented in references (7) and (9) deserves 
particular attention. Reference (7) describes lymphangiogenesis in Prox1-CreERT2;LSL-
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Pik3caH1047R mice, growth of lymphatics into bones of these mice, and prevention of this 
lymphatic growth by rapamycin. Reference (9) reports the growth of lymphatics into bones of 
Osx-tTA;TetO-Vegfc mice, time dependent progression of this lymphatic growth from P21 to 
P35, greater abundance of TRAP+ osteoclasts near lymphatics in bones of these mice, and 
reduction in bone loss by treatment with an osteoclast inhibitor.  
 
We did not previously report that rapamycin can inhibit the growth of bone lymphatics in Prox1-
CreERT2;LSL-Pik3caH1047R mice. We also did not previously report that osteoclasts are associated with 
invading lymphatics in Osx-tTA;TetO-Vegfc mice.  
 
We have updated the manuscript to describe how our new findings are different from and extend 
our previous observations. 
 
Changes related to the growth of bone lymphatics. 
(Results - Page 6): “Next, we set out to characterize the stepwise development of bone 
lymphatics. We previously analyzed the development of bone lymphatics in femurs from Osx-
tTA;TetO-Vegfc mice (Hominick et al., 2018). We reported that we could detect lymphatics in 
cortical bone before we could detect them in the marrow cavity (Hominick et al., 2018). It is 
standard practice to strip femurs free of connective tissue before fixing and decalcifying them. 
Because we did that in our previous study, we were not able to characterize the initial stages of 
development of bone lymphatics. To fill this gap in knowledge, we analyzed tissue sections where 
we kept the periosseous muscle tissue and periosteum intact. The periosteum is the layer of tissue 
that covers the outside surface of bones. We collected ribs from TetO-Vegfc and Osx-tTA;TetO-
Vegfc mice on P20, P24, P28 and P32 and stained tissue cross sections with an antibody against 
Lyve1 (Fig. 5A). We then surveyed the periosseous muscle, cortical bone, and marrow cavity for 
lymphatics (Fig. 5B). Lymphatics in TetO-Vegfc mice were restricted to the intercostal muscle 
tissue and they never traversed across the periosteum (Fig. 5C-H, Table 2). In contrast, regional 
lymphatics in Osx-tTA;TetO-Vegfc mice grew, breached the periosteum, separated the periosteum 
from bone, and then gradually invaded bone (Fig. 5C-H, Table 2).”  
 
(Discussion – Page 9): “We previously analyzed the development of bone lymphatics in femurs from 
Osx-tTA;TetO-Vegfc mice (Hominick et al., 2018). However, we were not able to examine the 
initial stages of bone lymphatic development because we peeled away the periosseous muscle 
tissue from our samples. In the present study, we analyzed samples where we kept the periosseous 
tissue intact. This allowed us to gain further insight into the development of bone lymphatics. We 
found that lymphatics in control mice were restricted to the periosseous muscle tissue and they 
never crossed the periosteum. This raises the possibility that the periosteum protects bones from 
lymphatics. Additionally, the periosteum may express factors that prevent lymphatics from 
invading bone. Future in vitro and in vivo experiments could reveal whether the periosteum 
shields bones from lymphatics and inhibits lymphangiogenesis. In contrast to control mice, mutant 
mice had lymphatics that grew, breached the periosteum, and then separated the periosteum 
from the underlying bone. The periosteum contains progenitor cells that differentiate into 
osteoblasts, which are cells that synthesize new bone (Dwek, 2010). Therefore, lymphatics in 
mutant mice might affect bone regeneration and repair by coming between the periosteum and 
bone. If this occurs in patients, it could contribute to the bone regeneration/repair defects 
observed in GLA and GSD.” 
  
Changes related to osteoclasts. 
(Results - Page 6): “Next, we characterized the invasion of bone by lymphatics. Osteoclasts are 
large multinucleated cells that degrade bone. Although we previously reported that Osx-tTA;TetO-
Vegfc mice have more osteoclasts than control mice, we did not examine the relationship between 
osteoclasts and lymphatics in bone (Hominick et al., 2018). To determine whether osteoclasts were 
associated with lymphatics invading bone, we stained serial sections of bone from Osx-tTA;TetO-
Vegfc mice for TRAP activity (marker of osteoclasts) and Lyve1. We found that osteoclasts were 
closely associated with invading lymphatics (Fig. S5).”  
 
6. Data from genetic mouse models would be easier for readers to understand if the authors set 
out at the beginning of the Results their assumptions underlying the creation and use of each 
type of mutant mouse, along with accompanying authentication and other documentation. 
Some of these details could be presented in a table that lists the genotype of each mouse, a 
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functionally meaningful shorthand name for subsequent use in the text, and supportive 
references. Use of shorthand names would streamline the narrative of the Results and 
Discussion, where terms like “Osx-tTA-TetO-Cre;TetO-Vegfc;mT/mG mice” and “Prox1-
CreERT2;LSL-Pik3caH1047R;mT/mG mice” are cumbersome and must be deciphered by the reader 
at each appearance. Each assumption should also be critically assessed in the Discussion. 
 
To address the comment, we have added a table to the manuscript that has mouse strain names, 
descriptions, and references.  
 
We attempted to create shorthand names for all of the strains in our study. However, our 
colleagues found it more burdensome to continually flip back-and-forth between the table and text 
than to just have the genotypes for control and experimental mice written out in the Results 
section. Therefore, we have decided to not provide shorthand names for the mice in our paper. We 
recognize that the genotype names are long, but we think that writing out the genotype of the 
mice is the clearest way to convey the exact genotypes of the mice in our experiments.  
 
7. More attention is also needed for critical assessment of the strengths and limitations of the 
major findings. Each section of the Results ends with the authors’ preferred interpretation in 
the form of a statement describing what the findings “show”. Instead, for greater rigor, the 
authors should give an objective assessment of possible meanings and significance of the 
findings. Where the preferred interpretation is cited as one of multiple possibilities, special 
attention should be given to distinguishing results (data) from the authors’ interpretation of 
results (interpretations).  
 
To address the reviewer’s comment, we have either tempered or deleted the concluding 
statements in the Results section. 
 
8. Examples are as follows:  
 
a. The interpretation that lymphatics in bones of Osx-tTA;TetO-Vegfc;mT/mG mice did not 
arise from Osterix-expressing cells is based on the lack of colocalization of GFP and LYVE-1. 
However, the authors state in the Results (page 4) their conclusion – which was not a result - 
that “lymphatics…did not express GFP” and in the legend for Supplemental Figure 1 that 
“lymphatics do not express GFP”, rather than describing the actual finding. In this case, the 
result was that no colocalization of staining for GFP and LYVE-1 was detected, or, in other 
words, lymphatics detected by LYVE-1 staining did not stain for GFP. 
 
We have revised the Results section and Figure legend accordingly.  
 
(Results - Page 4): “Importantly, the podoplanin-positive lymphatics in the femurs of Osx-
tTA;TetO-Vegfc;mT/mG mice did not express GFP (Fig.1C). We confirmed that lymphatics in the 
femurs of Osx-tTA;TetO-Vegfc;mT/mG mice did not express GFP by staining for Lyve1 and GFP 
(Fig. S2). These results suggest that bLECs in Osx-tTA;TetO-Vegfc mice do not originate from an 
Osx-positive progenitor.” 
 
(Figure Legend 1 - Page 17): “The podoplanin-positive lymphatics in Osx-tTA-TetO-Cre;TetO-

Vegfc;mT/mG mice did not express GFP (0/24 lymphatics; 0  0, n = 3).” 
 
b. More information is also needed to explain why GFP-positive cells in LYVE-1Cre;mT/mG mice 
(Figure 1C) were not considered lymphatic endothelial cells, whereas LYVE-1+ structures in 
Osx-tTA-TetO-Cre;TetO-Vegfc;mT/mG mice (Supplemental Figure 1) were considered 
lymphatics. The authors should describe how they determined that LYVE-1+ cells in bone 
marrow were not lymphatic endothelial cells or precursors thereof. 
 
To address the reviewer’s comment, we have added a supplemental figure that shows that the GFP-
positive cells in the marrow cavity of Lyve1-Cre;mT/mG mice do not express Lyve1. We also show 
in Figure 1 that the GFP-positive cells in the marrow cavity of Lyve1-Cre;mT/mG mice do not 
express podoplanin. Therefore, the GFP-positive cells in the bones of Lyve1-Cre;mT/mG mice are 
not LECs. We have also edited the section of the manuscript that describes the work by Lee et al., 
(2016). That paper shows that cells labeled by Lyve1-Cre during embryonic development give rise 
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to a subset of adult hematopoietic stem cells (HSCs). HSCs are stem cells that create red blood 
cells, white blood cells and platelets. 
 
(Results - Page 4): “It was previously reported that cells labeled by Lyve1-Cre during embryonic 
development give rise to a subset of adult hematopoietic stem cells (HSCs) (Lee et al., 2016). HSCs 
are stem cells that create red blood cells, white blood cells and platelets. Although a subset of 
adult HSCs come from a Lyve1-Cre-positive progenitor, they and other hematopoietic cells in the 
bone marrow do not express Lyve1 (Lee et al., 2016) (Fig. S1).” 
 
c. More critical consideration is also needed of the identity of GFP-positive/LYVE-1-negative 
channel-like structures that are abundant in Supplemental Figure 1 (arrows).  
 
The Osx-tTA-TetO-Cre mouse we used in our study is widely used to delete floxed DNA sequences in 
osteoblasts. Osteoblasts reside on the surface of bone and synthesize new bone. They become 
trapped in the new bone they make and then they differentiate into osteocytes. The GFP-positive-
Lyve1-negative cells in the Supplemental Figure are on the surface of trabecular bone. This staining 
pattern is consistent with osteoblasts. We have outlined and labeled the trabecular bone in the 
Supplemental Figure to make it easier to distinguish bone from non-bone.   
 
d. The statement that “results show that bLECs in Osx-tTA;TetO-Vegfc mice originate from 
preexisting Prox1-positive LECs” (page 6) is inconsistent with evidence that at least 8% of 
lymphatics in Osx-tTA;TetO-Vegfc;Prox1-CreERT2;mT/mG mice did not express GFP and is 
further weakened by the absence of data for the number of mice examined and the mouse to 
mouse variability in GFP staining of bone lymphatics. Please add the missing data and tone 
down the claim. 
 
We have tempered the statement and have added the requested data. 
 

(Results – Pages 5 and 6): “Approximately 85% of the lymphatics expressed GFP (85.98  3.227, n = 
4; Figure 5). Importantly, these lymphatics developed after the tamoxifen washout period (P28-
P41). These results suggest that the majority of bLECs in Osx-tTA;TetO-Vegfc mice come from 
preexisting Prox1-positive cells.” 
 
9. Data on washout of tamoxifen-mediated effects in Prox1-CreERT2 mice (pages 5 and 7) are 
interpreted as showing that it takes approximately 14 days (Figure 4) or 28 days (Figure 9) to 
wear off. However, in both cases, ER was found in the liver at 1 day but not at any later time 
point. The interpretation that washout took 14 or 28 days does not make sense, considering 
that the value could be any time more than 1 day. Please remedy this inconsistency. 
 
We apologize for the error and have corrected the text. 
 
(Results - Page 5): “We found that CreERT2 was localized to the nucleus on P28 but not on P41 or 
P55 (Fig. 3B-F). These results suggest that the effects of tamoxifen on CreERT2 localization wear 
off sometime between P28 and P41.” 
 
(Results - Page 7): “Like before, we assessed the localization of CreERT2 by immunostaining for ER. 
CreERT2 was localized to the nucleus on P43 but not on P70 (Fig. 7B-E). These results suggest that 
the effects of tamoxifen on CreERT2 localization wear off sometime between P43 and P70.” 
 
10. Key quantitative lineage tracing data indicate that 92% of lymphatics had GFP staining 
(page 6, Figure 5). However, Figure 5 does not present any quantitative data. Instead, the 
legend indicates that 83/90 lymphatics expressed GFP at P65. Please add to Figure 5 a graph 
showing the mean, SEM, and number of mice examined and, for comparison, the corresponding 
values for P45 and negative controls. This is important because staining for podoplanin and GFP 
was present at P45 (Figure 5B). 
 
We have updated the figure. We no longer show staining results for podoplanin and GFP. We now 
show staining results for Lyve1 and GFP. We have added a graph that shows the percent of GFP-
positive lymphatics in P45 and P65 bones. 
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11. Clarification and justification are needed for the use of Osx-tTA;TetO-Vegfc;Prox1-
CreERT2;mT/mG mice, where podoplanin-positive and GFP-positive cells are interpreted as 
bone - NOT lymphatics - at P45, but are interpreted as lymphatics at P65 (page 6, Figure 5). 
What changed from P45 to P65? More information is needed for the assumptions underlying the 
interpretation that the results “show” that lymphatics in bone arose from pre-existing 
lymphatics.  
 
In our original submission, Figure 5 showed images of bone sections that were stained with 
antibodies against GFP and podoplanin. Podoplanin is expressed by LECs and osteocytes. Lyve1 is 
expressed by LECs, but not bone cells. To more clearly demonstrate that there are no lymphatics in 
bone on P45, and that the lymphatics in bone on P65 express GFP, we stained femurs sections with 
antibodies against Lyve1 and GFP. We now show that there are no Lyve1-positive lymphatics in 
bone on P45. The GFP-positive-Lyve1-negative cells in P45 bones are osteoblasts (cells on surface of 
bone). We show in the paper that osteoblasts are labeled by Osx-tTA-TetO-Cre, not Prox1-CreERT2 
(Supplemental Figure 2, Figure 2). We found that 85% of the lymphatics in P65 bones expressed GFP 

(85.98  3.227, n = 4 mice). These findings have been added to the Results section of the 
manuscript. 
 
(Results - Page 5): “We collected bones on P45 and P65 and stained them with antibodies against 
GFP and Lyve1. Bones collected on P45 contained numerous GFP-positive-Lyve1-negative bone cells 
(Fig. 4C). We previously showed that bone cells are labeled by Osx-tTA-TetO-Cre, not Prox1-

CreERT2 (Fig. S2, Fig. 2). Bones collected on P45 did not have lymphatics (0  0, n = 4 mice; Figure 
4C,D). In contrast, bones collected on P65 contained Lyve1-positive lymphatics (Fig. 4C,D). 

Approximately 85% of the lymphatics expressed GFP (85.98  3.227, n = 4 mice). Importantly, 
these lymphatics developed after the tamoxifen washout period (P28-P41). These results suggest 
that the majority of bLECs in Osx-tTA;TetO-Vegfc mice come from preexisting Prox1-positive 
cells.” 
 
How were VEGF-C activated lymphatic progenitors in bone excluded? 
 
Our results suggest that the majority of bLECs come from preexisting Prox1-CreERT2-positive cells. 
Our results in Figure 2 show that there are no Prox1-CreERT2-positive cells in bone. We also show in 
Figure 5 that regional lymphatics grow outside of bone and then gradually invade bone. Together, 
these results suggest that bLECs do not come from lymphatic progenitors in bone.    
 
What criteria were used to identify lymphatics?  
 
In our new lineage tracing experiment, Lyve1-positive vessels were considered to be lymphatics. 
 
12. The authors effectively show the time-course of growth of lymphatics into ribs of Osx-
tTA;TetO-Vegfc mice on drinking water, where VEGF-C was overexpressed in bone from P0 to 
P32 (page 6, Figure 6). The abundance of bone lymphatics in these mice from P28 onward does 
not fit with the slower appearance of bone lymphatics in Osx-tTA;TetO-Vegfc;Prox1-
CreERT2;mT/mG mice, where bone lymphatics were absent at P45, but were present at P65 
(page 6, Figure 5). A bridge is needed to reconcile the two data sets.  
 
Mice were exposed to doxycycline for different amounts of time in the two experiments. Mice in 
the lineage tracing study received doxycycline from E0.5 to P20 whereas mice in the time course 
study received doxycycline from E0.5 to E18.5. Tetracyclines, such as doxycycline, incorporate into 
mineralizing bone. Because mice in the lineage tracing study were exposed to doxycycline for a 
longer period of time, they likely accumulated more doxycycline in bone and required more time 
for the doxycycline to washout.  
 
We have added this information to the manuscript.  
 
(Results - Page 5): “The delay in the development of bone lymphatics is likely because doxycycline 
accumulates in bone and requires time to washout.” 
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13. Counts of osteoclasts near lymphatics, presented as evidence of close association of 
osteoclasts with invading lymphatics in Osx-tTA;TetO-Vegfc mice (page 6, Figure 7), would be 
more compelling if accompanied by data indicating that osteoclasts were preferentially 
associated with invading lymphatics or vice versa. Without other data for comparison, it is 
difficult to interpret the functional significance of the value of 6 osteoclasts/mm lymphatic 
surface (Figure 7C). By comparison, data in Figure 3H, I, J in reference (9) are more 
convincing. Figure 7A-C should be updated to extend the data published in (9) or deleted.  
 
We previously reported that Osx-tTA;TetO-Vegfc mice have more osteoclasts than control mice 
(Hominick et al., 2018). We did not examine the relationship between osteoclasts and lymphatics in 
our previous study. Here we report that osteoclasts associate with invading lymphatics. Although 
these results are descriptive, we believe that they are important because they raise the possibility 
that osteoclasts clear a path through bone for lymphatics.  
 
We have updated the manuscript to state how our new findings extend our previous observations.  
 
(Results - Page 6): “Although we previously reported that Osx-tTA;TetO-Vegfc mice have more 
osteoclasts than control mice, we did not examine the relationship between osteoclasts and 
lymphatics in bone (Hominick et al., 2018). To determine whether osteoclasts were associated 
with lymphatics invading bone, we stained serial sections of bone from Osx-tTA;TetO-Vegfc mice 
for TRAP activity (marker of osteoclasts) and Lyve1. We found that osteoclasts were closely 
associated with invading lymphatics (Fig. S5).” 
  
(Discussion - Page 9): “We previously reported that Osx-tTA;TetO-Vegfc mice have more 
osteoclasts than control mice (Hominick et al., 2018). In the present study we characterized the 
relationship between osteoclasts and lymphatics. We found that osteoclasts were closely 
associated with lymphatics invading bone. This raises the possibility that osteoclasts clear a path 
through bone for LECs. The close association between osteoclasts and lymphatics also raises the 
possibility that these two cell types communicate with one another. Indeed, LECs have been 
reported to secrete M-CSF, a factor that promotes osteoclast development, and conditioned media 
from LECs has been shown to promote the formation of osteoclasts in a M-CSF-dependent manner 
(Wang et al., 2017). Conversely, osteoclasts have been reported to express VEGF-C (Zhang et al., 
2008). The potential crosstalk between LECs and osteoclasts may serve an important role in the 
development of bone lymphatics. In the future, M-CSF could be conditionally deleted in LECs to 
determine whether its production by LECs promotes osteoclast formation in vivo and the invasion 
of bone by lymphatics.” 
 
14. To understand the contribution of CSF1 to lymphatic development in bone (pages 6-7, 
Figures 7-8), more information is needed about the consequences of global CSF1 deletion in 
Osx-tTA;TetO-Vegfc;Csf1mut/mut mice. Because CSF1 regulates proliferation and differentiation 
of multiple types of hematopoietic precursors, the rationale for attributing impaired lymphatic 
growth to osteoclasts needs more compelling justification. Data supporting the involvement of 
osteoclasts should be updated to extend more convincingly the data presented in the authors’ 
earlier paper (9).  
 
We have updated the Discussion section to discuss the limitations of our work with Osx-tTA;TetO-
Vegfc;Csf1mut/mut mice. 
 
(Discussion - Page 10): “We previously reported that zoledronic acid (an osteoclast inhibitor) 
attenuated bone loss, but not the development of bone lymphatics, in Osx-tTA;TetO-Vegfc mice 
(Hominick et al., 2018). However, here we report that the invasion of bone by lymphatics is 
impaired in Osx-tTA;TetO-Vegfc;Csf1mut/mut mice. One potential reason for this discrepancy is that 
the different approaches we used to inhibit osteoclasts differ in their ability to block osteoclast 
development and activity. Although zoledronic acid-treated mice had fewer osteoclasts than 
vehicle-treated mice (Hominick et al., 2018), they still had osteoclasts. In contrast, Osx-tTA;TetO-
Vegfc;Csf1mut/mut mice completely lacked osteoclasts. It is possible that the remaining osteoclasts 
in zoledronic acid-treated mice were sufficient to facilitate the development of bone lymphatics. 
It is also possible that the structural changes to bone in Osx-tTA;TetO-Vegfc;Csf1mut/mut mice make 
the bone impenetrable to lymphatics or that the loss of other Csf1-dependent cells impairs the 
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development of lymphatics in bone in Osx-tTA;TetO-Vegfc;Csf1mut/mut mice. Presently, we are not 
able to distinguish between these possibilities.”  
 
15. In studies of Prox1-CreERT2;LSL-Pik3caH1047R;mT/mG mice (page 7, Figure 9), the time-
course of lymphatic growth deserves greater consideration to explain the sequence of events 
after the onset of tamoxifen at P31: bone lymphatics were absent at P43 and P70 but were 
abundant at P98. It is unclear why the appearance of bone lymphatics at P98 was slower than 
the lymphatic hyperplasia at P70 in Prox1-CreERT2;LSL-Pik3caH1047R mice, shown in the authors’ 
previous report (7). Please explain. 
 
The lymphatic phenotype of Prox1-CreERT2;LSL-Pik3caH1047R mice becomes more severe with age. 
We previously reported that lymphatics in the skin of Prox1-CreERT2;LSL-Pik3caH1047R mice appeared 
abnormal on P70. These lymphatics appeared even more irregular on P98. Here, we report that 
Prox1-CreERT2;LSL-Pik3caH1047R mice have lymphatics in bone on P98 but not on P70 or P45. This is 
likely because it takes time for the lymphatics to grow, breach the periosteum and invade bone.    
 
16. Given the translational link of the use of rapamycin to treat GLA and GSD, please explain 
the rationale for studying rapamycin suppression - NOT regression - of lymphatic growth in Osx-
tTA;TetO-Vegfc mice (page 8, Figure 10). Experiments that determine whether rapamycin can 
promote regression of established lymphatics in bones of these mice would have greater 
relevance to treatment of lymphatic anomalies in GLA and GSD patients.  
 
We agree with the reviewer that it would be interesting to know whether rapamycin could induce 
the regression of bone lymphatics. However, Osx-tTA;TetO-Vegfc and Prox1-CreERT2;LSL-
Pik3caH1047R mice develop a pleural effusion and die shortly after they develop lymphatics in bone. 
This makes it extremely challenging to perform reversal studies with our models. We have updated 
the Discussion to describe this limitation. Although we do not show that rapamycin can cause 
lymphatics in bone to regress, we do show for the first time that rapamycin can suppress the 
formation of lymphatics in bone. We believe that this finding is still clinically relevant and provides 
further support for the testing of rapamycin in GLA and GSD patients. 
 
(Discussion - Page 10): “One outstanding question is whether rapamycin can induce the regression 
of lymphatics in bone. Unfortunately, a majority of our Osx-tTA;TetO-Vegfc and Prox1-
CreERT2;LSL-Pik3caH1047R mice develop a pleural effusion and die shortly after they develop 
lymphatics in bone. This makes reversal studies with our models extremely challenging. Although 
we do not show that rapamycin can cause lymphatics in bone to regress, we believe that our 
preclinical findings provide further support for the testing of rapamycin in GLA and GSD patients.” 
 
17. Comment #16 should also be addressed for rapamycin effects on in vitro studies of LECs 
(page 8, Figure 11) and on lymphatics in Prox1-CreERT2;LSL-Pik3caH1047R mice, where treatment 
was started at P70 in a prevention trial before lymphatics were evident in bone (page 9, Figure 
12). 
 
We have updated the manuscript to state why we did not perform a reversal study with Prox1-
CreERT2;LSL-Pik3caH1047R mice. Please see our response to Comment 16. 
 
18. The literature documenting the greater efficacy of rapamycin in suppressing 
lymphangiogenesis than reversing lymphangiogenesis in mouse models should be cited and 
considered in the context of the findings in the authors’ models.  
 
We have updated the Discussion section to address the reviewer’s comment. We now reference a 
landmark paper that reports that rapamycin can suppress VEGF-C-induced lymphangiogenesis and 
partially reverse VEGF-C-driven lymphangiectasia (Baluk et al., 2018). 
 
(Discussion - Page 10): “Preclinical studies with mice that overexpress VEGF-C in the lung (CCSP-
rtTA;TetO-Vegfc mice) revealed that rapamycin can suppress VEGF-C-induced lymphangiogenesis 
and partially reverse VEGF-C-driven lymphangiectasia (Baluk et al., 2017).” 
 
19. Critical consideration of other interpretations of the lineage tracing data is a positive 
feature of the Discussion (page 9). However, most other parts of the Discussion are less 
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analytical and critical. Alternative interpretations of experiments using Osx-tTA;TetO-
Vegfc;Csf1mut/mut mice are not discussed, and the limitations of the findings are not considered. 
The Discussion would be strengthened by greater attention to the strengths and limitations of 
the principal findings, mouse models, and methods of analysis.  
 
We have updated the Discussion section. We now discuss the limitations of our experiments and 
offer alternative interpretations of our results. We do not show our changes to the Discussion below 
because we have significantly revised the Discussion.  
 
Specific Comments 
 
1. Title. The current title does not distinguish this paper from the authors’ previous work 
reported in reference (7) that describes rapamycin suppression of lymphatic growth into bones 
in a model of GLA.  
Please fix. 
 
We have changed the title of the manuscript. However, we did not report that rapamycin 
suppresses the growth of lymphatics in bone in our previous paper. 
 
New title: “Ectopic lymphatics in bone arise from preexisting lymphatics and their growth is 
inhibited by rapamycin.” 
 
2. Results. References in the Results to Figures 1-12 should specify the relevant part or parts of 
each figure cited, e.g., Figure 1C instead of Figure 1; Figure 9G, H instead of Figure 9. 
 
We have updated our references to the figures. 
 
3. Results and Methods. Please explicitly state that Osx-tTA;TetO-Vegfc mice had a Tet-Off 
construct, where doxycycline was required to suppress VEGF-C expression during embryonic 
development. This is implied in the experimental design, but not adequately described.  
 
We state in Table 1 that the Osx-tTA mouse is a Tet-Off strain. We have updated the Materials and 
Methods section to state that we used the Tet-Off system to control the expression of VEGF-C. 
 
Table 1. “Osx-tTA-TetO-Cre: Transgenic mice that express a tetracycline transactivator protein 
and Cre recombinase in osteoblasts, osteocytes and chondrocytes. This is a Tet-Off strain.” 
 
(Materials and Methods - Page 11): “We used the Tet-Off system to control the expression of VEGF-
C by osterix-positive bone cells. Mice on normal drinking water express VEGF-C in bone whereas 
mice on doxycycline water do not express VEGF-C in bone.” 
 
4. Figures 3B, 4B, 8M, 9B. The interpretation of horizontal bar graphs in these figures is not as 
intuitively obvious as conventional vertical bar graphs. Replacement with vertical bar graphs is 
recommended. 
 
We have replaced the horizontal bar graphs with vertical bar graphs. 
 
5. Figure 5B and legend. It is unclear why podoplanin staining in bones of Osx-tTA;TetO-
Vegfc;Prox1-CreERT2;mT/mG mice is attributed to osteocytes at P45 but is attributed to 
lymphatics at P65. Some “osteocytes” appear to have GFP staining (5B, lower left, arrow). 
Please clarify by providing the criteria used to identify lymphatics and to distinguish 
podoplanin-positive and GFP-positive osteocytes from lymphatic endothelial cells. 
 
We have updated the figure. We no longer show staining results for podoplanin and GFP. We now 
show staining results for Lyve1 and GFP. Lyve1 is not expressed by bone cells. This makes it easier 
to distinguish GFP-positive lymphatics (labeled by Prox1-CreERT2) from GFP-positive bone cells 
(labeled by Osx-tTA-TetO-Cre).  
 
6. Figure 5B and legend. The legend refers to asterisks (red) that mark GFP-positive 
lymphatics, but the two upper panels of Figure 5B are described as showing podoplanin 
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staining, including the upper right image, where asterisks are described as marking GFP-
positive lymphatics. Is the brown staining in Figure 5B (upper right panel) podoplanin or GFP? 
Please clarify the text or correct the error.  
 
We have revised the figure and figure legend.  
 
7. Figures 6, 8. Means ± SEM of Lymphatic Vessel Indices in the legend for Figures 6 would be 
easier to compare and interpret if presented in table(s), instead of in the figure legend. The 
same applies to osteoclast and lymphatic data in the legend for Figure 8.  
 
We have created a table for the lymphatic vessel index values shown in Figure 6. Because Figure 8 
only has three graphs that compare two groups (control versus mutant), we feel that it is best to 
keep the lymphatic vessel index values with the figure in the legend instead of putting them in a 
separate table.    
 
8. Figure 9. The text of the Results (page 7) refers to the age of mice as P31 to P98, whereas 
the figure refers to mouse age as days after tamoxifen (1d, 28d, or 56d Post-Tam). The data 
would be easier to understand if the same nomenclature was used for mouse age in the text 
and figure. P31 to P98 is recommended. 
 
We have made the recommended changes to the figure. 
 
9. Figure 10 and other figures showing bone lymphatics. The shape of lymphatics that form 
within or around bone after VEGF-C overexpression in Osx-tTA;TetO-Vegfc mice deserves 
consideration. Images in Figures 5-7 and 10 indicate that the lymphatic structures do not have 
a tubular shape typical of normal lymphatics. Please determine and describe their shape. 
 
We have generated Osx-tTA;TetO-Vegfc;Prox1-tdTomato mice and are working with another group 
to clear and image intact bones from the mice. This should allow us to characterize the 3D 
structure of bone-associated lymphatics. We hope to publish these results in a separate manuscript 
in the future. 
 
10. Figure 10B, C. Bone lymphatics appear to be filled with bone marrow cells. This feature is 
not addressed in the figure legend and should be addressed.  
 
We frequently observe immune cells in bone lymphatics in Osx-tTA;TetO-Vegfc mice. These cells 
are present in untreated mice and in rapamycin and vehicle-treated mice. We have updated the 
figure legend to point out that the lymphatics contain immune cells.   
 
(Figure Legend 8 - Page 20): “The asterisks mark lymphatics containing immune cells. Bone 
lymphatics in Osx-tTA;TetO-Vegfc mice frequently contain immune cells.” 
 
How was the lumen of lymphatics identified? Staining for podocalyxin could be used to 
distinguish the luminal from abluminal surface of lymphatics and help elucidate the topology of 
bone lymphatics. 
 
Lymphatic lumens were identified by finding the empty spaces inside lymphatic vessels. These 
spaces are easy to distinguish from the marrow cavity (area filled with tightly packed marrow cells) 
and bone (area filled with bone tissue and bone cells) and can be identified without staining for 
podocalyxin. 
 
11. Methods, page 13. Measurements of lymphatics. The description of how lymphatics were 
quantified and expressed as Lymphatic Vessel Index or Lymphatics Per Femur needs more 
detail. How many mice were included in each group?  
The number of mice in each group is indicated in the figure legends. 
 
How many images were measured per mouse?  
Two to four images were captured for each mouse. 
 
What area of tissue was included in each image?  
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We have added low magnification images to Figures 2 and 5 to point out the different areas we 
imaged. 
 
How was the “entire femur” scanned and counted?  
We have edited the text to address the comment.  
 
(Materials and Methods - Page 12): “Lymphatics per femur section. To determine the number of 

lymphatics per femur section, we scanned an entire 5 m-thick longitudinal section of femur and 
counted the number of bone lymphatics in the section.” 
 
What are the units of Lymphatic Vessel Index and Lymphatics Per Femur?  
Lymphatic Vessel Index refers to the number of times gridlines intersect within or on a lymphatic 
vessel. There are no units for the measurement.  
 
Lymphatics per femur section refers to the number of lymphatics per longitudinal section of femur. 
There are no units for this measurement. 
 
A standard protocol for quantifying bone lymphatics does not exist. We are one of the first groups 
to quantify lymphatics in bone and have had to develop these methods for our mouse models. We 
have found that these measurements accurately reflect the differences we observe between 
samples underneath the microscope.   
 
Grid intersections should be converted to metric units used for conventional morphometric 
measurements. Did the measuring grid actually have an area of 19,000 cm2 (1.9 square 
meters)? If so, please explain how this large grid was used for this purpose. 
 
We have updated the Materials and Methods section to address the comment.  
 
(Materials and Methods - Page 12): “Lymphatic Vessel Index. To determine the Lymphatic Vessel 
Index for a sample, we opened a picture of the sample in Image J, placed a 20-line by 20-line grid 
over the picture and then counted the number of gridlines that intersected within or on the 
lymphatics.”  
 
Reviewer 3 Advance Summary and Potential Significance to Field... 
 
This paper by Monroy and colleagues employs mouse models of the human lymphatic diseases 
generalized lymphatic anomaly (GLA) and Gorham-Stout disease (GSD) that were generated by 
this team, to address the important question of the developmental origin of the lymphatic 
vasculature found within bone in these diseases. Lineage tracing evidence demonstrates that 
lymphatics found within the bone in both of these models of disease are derived from pre-
existing lymphatic vessels that are induced to invade the bone in response to increased levels 
of VEGF-C/elevated PIK3CA activity. Intriguingly, the invasion process in the GSD model was 
shown to be dependent on osteoclasts, which presumably release proteases required to 
facilitate bone degradation. Rapamycin, currently used to treat GSD and GLA, was shown to 
reduce the development of lymphatics within the bone in both mouse models. In general, the 
experiments undertaken in this study are well designed, carefully controlled and rigorously 
analysed. The manuscript is well written and clearly illustrated. The study answers a long 
posed question and provides new insight to a poorly understood disease process.  Addressing 
the following points would further strengthen the manuscript. 
 
Reviewer 3 Comments for the Author. 
 
1. Figure 2: The addition of a schematic illustrating bone structure to help the reader correlate 
where the images depicted were taken would be beneficial.  
 
We have added a low magnification picture of bone to illustrate were the various images were 
taken.  
 
2. Figure 3: This figure, documenting important immunostaining controls, could potentially be 
shifted to Supplemental data.  
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We have shifted Figure 3 to Supplemental data as requested. 
 
3. Page 5, Figure 4: It would be informative to understand the rationale of looking 1, 14 and 28 
days following tamoxifen administration at nuclear Cre localization, this seems like a long 
timeline. Were any timepoints between 1 and 14 days assessed?  
 
We selected timepoints based on a paper by Reinert et al., (2012). In that paper, the investigators 
found that Cre recombinase was still active 1 week after mice received 3 injections of tamoxifen. 
We reasoned Cre recombinase would be active longer in our mice because they received 4 
injections of tamoxifen. We did not look at timepoints between 1 and 14 days. We did not go back 
to look at earlier timepoints because the mice in our lineage tracing experiment developed bone 
lymphatics sometime after the 14-day washout period.  
 
Reinert RB, Kantz J, Misfeldt AA, Poffenberger G, Gannon M, Brissova M, Powers AC. Tamoxifen-
Induced Cre-loxP Recombination Is Prolonged in Pancreatic Islets of Adult Mice. PLoS One. 
2012;7(3):e33529. doi: 10.1371/journal.pone.0033529. PubMed PMID: 22470452. 
 
I suspect that the effects of tamoxifen do not extend to 14 days post administration, so the 
statement that “it takes approximately 14 days for the effects of tamoxifen to wear off” should 
possibly be revised.  
 
We agree with the reviewer and have revised the text. 
 
(Results - Page 5): “We found that CreERT2 was localized to the nucleus on P28 but not on P41 or 
P55 (Fig. 3B-F). These results suggest that the effects of tamoxifen on CreERT2 localization wear 
off sometime between P28 and P41.” 
 
4. What is the identity of the GFP-positive bone cells present in OsxtTA;TetO-
Vegfc;Prox1CreERT2;mT/mG mice at P45 (Figure 5B)? 
 
In our original submission, Figure 5B showed images of bone sections that were stained with 
antibodies against GFP and podoplanin. We showed that osteoblasts (cells on surface of bone) and 
osteocytes (cells in bone) expressed GFP at P45. We and others have reported that both cell types 
are labeled by Osx-tTA-TetO-Cre (Chen et al., 2014; Rodda and McMahon 2006). Podoplanin is 
expressed by osteocytes and LECs. Lyve1 is expressed by LECs, but not bone cells. To more clearly 
demonstrate that there are no lymphatics in bone on P45, and that the lymphatics in bone on P65 
express GFP, we stained femurs sections with antibodies against Lyve1 and GFP. We now show that 
there are no Lyve1-positive lymphatics in bone on P45. The GFP-positive-Lyve1-negative cells in P45 
bones are osteoblasts (cells on surface of bone). We found that 85% of the lymphatics in P65 bones 
expressed GFP. These findings have been added to the Results section of the manuscript. 
 
(Results - Page 5): “We collected bones on P45 and P65 and stained them with antibodies against 
GFP and Lyve1. Bones collected on P45 contained numerous GFP-positive-Lyve1-negative bone cells 
(Fig. 4C). We previously showed that bone cells are labeled by Osx-tTA-TetO-Cre, not Prox1-

CreERT2 (Fig. S2, Fig. 2). Bones collected on P45 did not have lymphatics (0  0, n = 4 mice; Figure 
4C,D). In contrast, bones collected on P65 contained Lyve1-positive lymphatics (Fig. 4C,D). 

Approximately 85% of the lymphatics expressed GFP (85.98  3.227, n = 4 mice). Importantly, 
these lymphatics developed after the tamoxifen washout period (P28-P41). These results suggest 
that the majority of bLECs in Osx-tTA;TetO-Vegfc mice come from preexisting Prox1-positive 
cells.” 
 
5. Figure 6: As for Figure 2, a schematic illustrating where the images shown correspond to 
within the thoracic cavity would be useful.  
 
We have added a low magnification image to the figure to illustrate were the various pictures were 
taken.  
 
6. Figure 7 could either be incorporated to Figure 8, or shifted to Supplemental data. 
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We have shifted Figure 7 to Supplemental data as requested. 
 
7. Page 7, Figure 9: As with point 3 above, if CreERT2 localisation was only examined at P43 and 
P70, how has the conclusion been reached that “it takes approximately 28 days for the effects 
of tamoxifen to wear off”? Might it not be faster than 28 days? 
 
We agree with the reviewer and have revised the text. 
 
(Results - Page 7): “Like before, we assessed the localization of CreERT2 by immunostaining for ER. 
CreERT2 was localized to the nucleus on P43 but not on P70 (Fig. 7B-E). These results suggest that 
the effects of tamoxifen on CreERT2 localization wear off sometime between P43 and P70.” 
 
8. Page 7, Figure 9: Does the 70% GFP labelling of LECs within the bone of 
Prox1CreERT2;mT/mG;LSL-Pik3caH1047R mice reflect incomplete Cre excision, or a potential 
contribution from an additional progenitor cell source? This is discussed on page 9, but the 
statement “These results show that bLECs originate from pre-existing…” in the results section 
on page 7 should be amended to allow for the possibility that additional sources of cells 
contribute/or that Cre labelling is incomplete. 
 
We have edited the results section to allow for the possibility of other cell types giving rise to 
bLECs.  
 
(Results - Page 6): “These results suggest that the majority of bLECs in Osx-tTA;TetO-Vegfc mice 
originate from preexisting Prox1-positive cells.” 
 
(Results - Page 7): “These results suggest that the majority of bLECs in Prox1-CreERT2;mT/mG;LSL-
Pik3caH1047R mice originate from preexisting Prox1-positive cells.” 
 
 

 
 
Second decision letter 
 
MS ID#: DEVELOP/2019/184291 
 
MS TITLE: Ectopic lymphatics in bone arise from preexisting lymphatics and their growth is inhibited 
by rapamycin 
 
AUTHORS: Marco Monroy, Anna McCarter, Devon Hominick, Nina Cassidy, and Michael Dellinger 
 
I have now received all the referees reports on the above manuscript, and have reached a decision. 
The referees' comments are appended below, or you can access them online: please go to 
BenchPress and click on the 'Manuscripts with Decisions' queue in the Author Area. 
 
The overall evaluation is positive and we would like to publish a revised manuscript in 
Development, once you have addressed the additional comments of referee #2. Please attend to all 
of the reviewers' comments in your revised manuscript and detail them in your point-by-point 
response. If you do not agree with any of their criticisms or suggestions explain clearly why this is 
so. 
 
 
Reviewer 1 
 
Advance summary and potential significance to field 
 
Monroy et al. extend on their previous characterisation of mouse models of GLA (generalised 
lymphatic anomaly; Rodriguez-Laguna et al. JEM 2019) and GSD (Gorham-Stout disease Hominick et 
al. eLIFE 2018), to study the mechanisms by which ectopic bone lymphatics develop in these 
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diseases. Although the experiments are well performed and controlled, the novelty of the findings 
is limited. 
 
Comments for the author 
 
The authors have responded to all of my questions by making changes to the text and in some cases 
tempering their previous conclusions. The novelty of this study remains limited to showing that 
bone lymphatic vessels develop from preexisting LECs, rapamycin can inhibit the growth of bone 
lymphatics (in addition to other lymphatics shown previously) in Prox1-CreERT2;LSLPik3caH1047R 
mice and that osteoclasts are closely associated with invading lymphatics in OsxtTA;TetO-Vegfc 
mice, extending previous demonstration of higher numbers of osteoclasts near lymphatics in the 
bone of these mice. There is no mechanistic insight into the role and regulation of osteoclasts in 
the development of bone lymphatics. As the authors now state, they cannot exclude the possibility 
that structural changes to bone in Osx-tTA;TetOVegfc; Csf1mut/mut mice make the bone 
impenetrable to lymphatics, which undermines the previous key conclusion that Csf1-dependent 
osteoclasts facilitate lymphatic invasion into the bone. 
 
 
Reviewer 2 
 
Advance summary and potential significance to field 
 
General Comments 
 
1. The authors are generally responsive to the reviewers’ comments and in doing so have greatly 
strengthened their manuscript that describes the growth of lymphatics into bone in mouse models 
of GLA and GSD.  
 
2. Overall, the manuscript advances the understanding of how bones, which are normally free of 
lymphatics, can be penetrated by ingrowth of rapamycin-sensitive periosteal lymphatics in mouse 
models of GLA and GSD and could explain some of the pathophysiology of these conditions in 
humans. 
 
Comments for the author 
 
Specific Comments 
 
1. Despite the corrections and improvements made in response to the reviewers’ comments, 
several remaining issues deserve attention. 
 
2. Title: A simpler description of the main findings is recommended. An example would be a variant 
of: “Bone lymphatic anomalies: formation by lymphatic ingrowth and prevention by rapamycin”.  
 
3. Abstract: The final two sentences of the Abstract should be revised to more closely match the 
Results. The second to last sentence should be revised to indicate that “rapamycin suppresses the 
growth of bone lymphatics” (instead of the development of bone lymphatics). The last sentence 
should identify the mechanistic insight given by the studies (instead of simply stating that the study 
provided mechanistic insight). The final sentence should also indicate that rapamycin could be used 
to “prevent the growth of lymphatics into bone” (rather than inhibit the growth of lymphatics in 
bone).  
 
4. Introduction: The original version of the manuscript did not adequately consider the background 
of relevant published preclinical work. Version 2 is better in this regard but still does not give the 
reader sufficient perspective for what is already known about the effects of rapamycin on 
lymphatic vessels from preclinical studies of mouse models. Although the authors state in their 
rebuttal that they did not previously describe effects of rapamycin on growth of bone lymphatics in 
Prox1-CreERT2;LSL-Pik3caH1047R mice in Rodriguez-Laguna et al. (2019), this claim is misleading 
because the authors conclude in Rodriguez-Laguna et al. (2019) that rapamycin can prevent 
lymphatic hyperplasia and dysfunction in their mouse model of GLA that patients with GLA respond 
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to rapamycin, and that rapamycin could be an effective treatment for GLA (page 411 of Rodriguez-
Laguna et al., 2019).  
 
5. Introduction: The issues described in Comment #4 can be resolved by providing a more complete 
consideration in the Introduction (page 3) of published studies, including their own (Rodriguez-
Laguna et al., 2019), of rapamycin efficacy in mouse models of lymphangiogenesis and by 
presenting in the Results (pages 7-8) a more informative perspective for the new studies reported 
in this manuscript.  
 
6. Results section headings: The authors’ conclusions expressed as Results section headings in the 
form of declarative statements of their interpretations should be changed to more objective 
descriptions of the findings that do not reflect interpretations.  
 
7. “Majority” (> 50%): In section headings of the Results and other parts of the manuscript, term 
“majority” is misleading, because it understates the actual data, and should be replaced with a 
more informative term.  
 
8. Please also address Comments #6 and #7 for the heading of figure legends.  
 
9. Interpretations in Results: Where interpretations are included in the Results, please acknowledge 
that the authors’ preference is not the only possible interpretation. For example, “The delay in the 
development of bone lymphatics is likely because doxycycline accumulates in bone and requires 
time to washout (page 5).” It is unclear why this is the most likely explanation. Please consider two 
or more alternatives that show insight and impartiality in interpreting results.  
 
10. “traversed across” (page 6): Fix redundancy.  
 
11. “preexisting lymphatics” (in Title and elsewhere in the manuscript): Doesn’t “existing” have 
the same meaning here? If so, please simplify as “existing lymphatics”. 
 
12. References in the Results to data from previously published studies should include citations of 
the paper(s) that report the findings: For example, The authors’ paper should be cited after the 
statement: “We previously showed that Prox1-CreERT2;LSL-Pik3caH1047R mice do not have 
lymphatics in bone on P70 (Fig. 7H) (page 8)”.  
 
13. Method for measuring bone lymphatics (page 12) #1: More methodologic detail is needed to 
enable others to reproduce the data. Please provide the image magnification and size of region 
measured. In addition to “20-line by 20-line grid”, give the line length and scale of the stereologic 
grid in relation to the size of the image. An acceptable example would be: “A 20-line by 20-line 
multipurpose test grid, with line length 25 µm, spacing 25 µm, total points 800, and total test area 
1000 µm x 1000 µm, was overlaid on images with tissue dimensions of 1000 µm x 1000 µm.”  
 
14. Method for measuring bone lymphatics (page 12) #2: The authors’ response, “There are no units 
for the measurement”, in reference to Reviewer #2 original Specific Comment #11 regarding 
measurements of lymphatic vessel index is unacceptable. Stereologic measurements have units. 
Please give the units appropriate for the type of measurement, e.g., lymphatic area density (% 
area), lymphatic volume density (% volume), lymphatic length density (length/area), or lymphatic 
numerical density (number/area), where length area, and volume are expressed in standard metric 
units.  
 
15. Figure 2C: Does the bright magenta region labeled Connective Tissue contain mostly skeletal 
muscle? If so, the label should reflect this.  
 
16. Figure 4D: The Y-axis label should be changed to reflect that the values are expressed as % of 
LYVE-1-positive lymphatics that also stained for GFP. 
 
17. Figure 5C, E, G: Add label to show that lymphatics were stained brown for LYVE-1. 
 
18. Figure 5D, F, H: In these and other figures that present data expressed as lymphatic vessel 
index values please change the Y-axis units to reflect responsiveness to Comments #13 and #14. 
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19. Figure 6G: Same as Comment #17 
 
20. Figure 6H, I, J: Same as Comment #18 
 
21. Figure 7I: The Y-axis label should be changed to reflect that the values are expressed as % of 
lymphatics stained for podoplanin (or whatever stain was used to show 100% of lymphatics) that 
also stained for GFP. 
 
22. Figure 8D: Please change the Y-axis units to reflect responsiveness to Comments #13 and #14. 
Also indicate whether lymphatics were stained for LYVE-1 or podoplanin. 
 
23. Figure 10D: Please change the Y-axis units to reflect responsiveness to Comments #13 and #14. 
Also indicate whether lymphatics were stained for LYVE-1 or podoplanin. 
 
24. All figures with images of immunohistochemical staining: Please add labels to identify each 
color of staining in the image. 
 
 
Reviewer 3 
 
Advance summary and potential significance to field 
 
This paper by Monroy and colleagues employs novel mouse models of the human lymphatic diseases 
generalized lymphatic anomaly (GLA) and Gorham-Stout disease (GSD) that were generated by this 
team, to address the important question of the developmental origin of the lymphatic vasculature 
found within bone in these diseases. Lineage tracing evidence demonstrates that lymphatics found 
within the bone in both of these models of disease are derived from pre-existing lymphatic vessels. 
In addition, the authors demonstrate that rapamycin suppresses the formation of bone lymphatics. 
This study answers a long standing question regarding the origin of bone lymphatics and is a 
clinically relevant model of lymphatic disease. 
 
Comments for the author 
 
The authors have satisfactorily addressed the reviewers' concerns and as a result, the revised 
manuscript is substantially improved.  
 
 

 
 
Second revision 
 
Author response to reviewers' comments 
 
We thank reviewer 2 for their valuable comments. We believe that their comments have 
significantly improved the manuscript. Please find below the reviewer comments (bold text), our 
responses to the comments (normal text), and changes to the manuscript (italicized text).  
 
Reviewer 2 Advance Summary and Potential Significance to Field: 
General Comments 
 
1. The authors are generally responsive to the reviewers’ comments and in doing so have 
greatly strengthened their manuscript that describes the growth of lymphatics into bone in 
mouse models of GLA and GSD. 
 
2. Overall, the manuscript advances the understanding of how bones, which are normally free 
of lymphatics, can be penetrated by ingrowth of rapamycin-sensitive periosteal lymphatics in 
mouse models of GLA and GSD and could explain some of the pathophysiology of these 
conditions in humans. 
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Reviewer 2 Comments for the Author: 
 
Specific Comments 
 
1. Despite the corrections and improvements made in response to the reviewers’ comments, 
several remaining issues deserve attention. 
 
Please see below our responses to the comments. 
 
2. Title: A simpler description of the main findings is recommended. An example would be a 
variant of: “Bone lymphatic anomalies: formation by lymphatic ingrowth and prevention by 
rapamycin”.  
 
We have revised the title of the manuscript. We believe that this title conveys the main findings in 
the manuscript.  
 
“Lymphatics in bone arise from preexisting lymphatics and rapamycin suppresses the growth of 
bone lymphatics” 
 
3. Abstract: The final two sentences of the Abstract should be revised to more closely match 
the Results. The second to last sentence should be revised to indicate that “rapamycin 
suppresses the growth of bone lymphatics” (instead of the development of bone lymphatics). 
The last sentence should identify the mechanistic insight given by the studies (instead of simply 
stating that the study provided mechanistic insight). The final sentence should also indicate 
that rapamycin could be used to “prevent the growth of lymphatics into bone” (rather than 
inhibit the growth of lymphatics in bone).  
 
We have revised the last two sentences of the Abstract. 
 
“(Abstract - Page 2): Lastly, we show that rapamycin can suppress the growth of bone lymphatics 
in our models of GLA and GSD. In summary, we show that bLECs can arise from preexisting LECs 
and that rapamycin can prevent the growth of bone lymphatics.” 
 
4. Introduction: The original version of the manuscript did not adequately consider the 
background of relevant published preclinical work. Version 2 is better in this regard but still 
does not give the reader sufficient perspective for what is already known about the effects of 
rapamycin on lymphatic vessels from preclinical studies of mouse models. Although the authors 
state in their rebuttal that they did not previously describe effects of rapamycin on growth of 
bone lymphatics in Prox1-CreERT2;LSL-Pik3caH1047R mice in Rodriguez-Laguna et al. (2019), this 
claim is misleading because the authors conclude in Rodriguez-Laguna et al. (2019) that 
rapamycin can prevent lymphatic hyperplasia and dysfunction in their mouse model of GLA, 
that patients with GLA respond to rapamycin, and that rapamycin could be an effective 
treatment for GLA (page 411 of Rodriguez-Laguna et al., 2019).  
 
We have added more information to the Introduction to address the reviewer’s comment (see 
response comment 5). 
 
5. Introduction: The issues described in Comment #4 can be resolved by providing a more 
complete consideration in the Introduction (page 3) of published studies, including their own 
(Rodriguez-Laguna et al., 2019), of rapamycin efficacy in mouse models of lymphangiogenesis 
and by presenting in the Results (pages 7-8) a more informative perspective for the new studies 
reported in this manuscript.  
 
We have updated the Introduction. We now describe our previous work with rapamycin in Prox1-
CreERT2;LSL-Pik3caH1047R mice. 
 
(Introduction - Page 3): “We also found that rapamycin could prevent dermal lymphatic 
hyperplasia and lymphatic dysfunction in Prox1-CreERT2;LSL-Pik3caH1047R mice (Rodriguez-Laguna et 
al., 2019). Additionally, we found that rapamycin could attenuate dermal lymphatic hyperplasia 
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and partially normalize lymphatic function in Prox1-CreERT2;LSL-Pik3caH1047R mice with established 
disease (Rodriguez-Laguna et al., 2019).” 
 
(Results – Page 8): “We previously showed that rapamycin could prevent dermal lymphatic 
hyperplasia in Prox1-CreERT2;LSL-Pik3caH1047R mice (Rodriguez-Laguna et al., 2019). We did not 
characterize the effect of rapamycin on the development of bone lymphatics in our previous study 
(Rodriguez-Laguna et al., 2019). Therefore, we set out to determine whether rapamycin could 
suppress the development of bone lymphatics in Prox1-CreERT2;LSL-Pik3caH1047R mice.” 
 
We also reference our work and other work with rapamycin in the Discussion section of the 
manuscript. 
 
(Discussion – Page 10): “Preclinical studies with mice that overexpress VEGF-C in the lung (CCSP-
rtTA;TetO-Vegfc mice) revealed that rapamycin can suppress VEGF-C-induced lymphangiogenesis 
and partially reverse VEGF-C-driven lymphangiectasia and we have shown that rapamycin can 
suppress lymphangiogenesis in the skin of Prox1-CreERT2;LSL-Pik3caH1047R mice (Baluk et al., 2017; 
Rodriguez-Laguna et al., 2019).” 
 
6. Results section headings: The authors’ conclusions expressed as Results section headings in 
the form of declarative statements of their interpretations should be changed to more 
objective descriptions of the findings that do not reflect interpretations.  
 
We have revised several of the section headings in the Results section of the manuscript. 
 
7. “Majority” (> 50%): In section headings of the Results and other parts of the manuscript, 
term “majority” is misleading, because it understates the actual data, and should be replaced 
with a more informative term.  
 
The word “majority” no longer appears in the section headings in the manuscript.  
 
We have removed the following sentences from the Results section. 
 
“These results suggest that the majority of bLECs in Osx-tTA;TetO-Vegfc mice come from 
preexisting Prox1-positive cells.” 
 
“These results suggest that the majority of bLECs in Prox1-CreERT2;mT/mG;LSL-Pik3caH1047R mice 
come from preexisting Prox1-positive cells.” 
 
We also replaced “majority” with “most” in a sentence in the Discussion section. 
 
(Discussion – Page 9): “We found that most of the bLECs in Osx-tTA;TetO-Vegfc and Prox1-
CreERT2;LSL-Pik3caH1047R mice came from preexisting Prox1-positive cells.” 
 
8. Please also address Comments #6 and #7 for the heading of figure legends.  
 
We have revised several of the Figure Legend headings in the manuscript. 
 
9. Interpretations in Results: Where interpretations are included in the Results, please 
acknowledge that the authors’ preference is not the only possible interpretation. For example, 
“The delay in the development of bone lymphatics is likely because doxycycline accumulates in 
bone and requires time to washout (page 5).” It is unclear why this is the most likely 
explanation. Please consider two or more alternatives that show insight and impartiality in 
interpreting results.  
 
We have revised the text to include an alternative explanation for why there is a delay in the 
development of bone lymphatics when mice receive doxycycline. 
 
(Discussion - Page 9): “We found that Osx-tTA;TetO-Vegfc mice that were exposed to doxycycline 
from E0.5 to P20 developed lymphatics in bone slower than mice that were exposed to doxycycline 
from E0.5 to E18.5. Tetracyclines, such as doxycycline, incorporate into mineralizing bone (Pautke 
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et al., 2010). Because mice in the lineage tracing study were exposed to doxycycline for a longer 
period of time, they could have accumulated more doxycycline in bone and required more time for 
the doxycycline to washout. This could impact the expression of VEGF-C because we use a Tet-Off 
system to control the expression of VEGF-C by bone cells. Another possible explanation is that 
bones in old mice might be more resistant to the development of bone lymphatics than bones in 
young mice.” 
 
10. “traversed across” (page 6): Fix redundancy.  
 
We have corrected the text. 
 
(Results - Page 6): “Lymphatics in TetO-Vegfc mice were restricted to the intercostal muscle tissue 
and they never traversed the periosteum (Fig. 5C-H, Table 2).” 
 
11. “preexisting lymphatics” (in Title and elsewhere in the manuscript): Doesn’t “existing” 
have the same meaning here? If so, please simplify as “existing lymphatics”. 
 
We prefer the term preexisting because we believe it is more specific than existing. We think it is 
more informative to state that the new LECs in bone came from preexisting LECs than existing 
LECs. 
 
12. References in the Results to data from previously published studies should include citations 
of the paper(s) that report the findings: For example, The authors’ paper should be cited after 
the statement: “We previously showed that Prox1-CreERT2;LSL-Pik3caH1047R mice do not have 
lymphatics in bone on P70 (Fig. 7H) (page 8)”. 
 
We apologize for the confusion. We were refereeing to our results in Figure 7, not previously 
published findings. We have edited the text to make this clear.  
 
(Results - Page 8): “Our results in Figure 7 show that Prox1-CreERT2;LSL-Pik3caH1047R mice do not 
have lymphatics in bone on P70 (Fig. 7H).” 
 
13. Method for measuring bone lymphatics (page 12) #1: More methodologic detail is needed to 
enable others to reproduce the data. Please provide the image magnification and size of region 
measured. In addition to “20-line by 20-line grid”, give the line length and scale of the 
stereologic grid in relation to the size of the image. An acceptable example would be: “A 20-
line by 20-line multipurpose test grid, with line length 25 µm, spacing 25 µm, total points 800, 
and total test area 1000 µm x 1000 µm, was overlaid on images with tissue dimensions of 1000 
µm x 1000 µm.”  
 
We have updated the Materials and Methods section as recommended.  
 
(Materials and Methods – Page 13): “A 20-line by 26-line multipurpose test grid, with line length 9 
µm, spacing 9 µm, total points 520, and total test area 180 µm x 235 µm, was overlaid on images 
with tissue dimensions of 180 µm x 235 µm.” 
 
14. Method for measuring bone lymphatics (page 12) #2: The authors’ response, “There are no 
units for the measurement”, in reference to Reviewer #2 original Specific Comment #11 
regarding measurements of lymphatic vessel index is unacceptable. Stereologic measurements 
have units. Please give the units appropriate for the type of measurement, e.g., lymphatic area 
density (% area), lymphatic volume density (% volume), lymphatic length density (length/area), 
or lymphatic numerical density (number/area), where length, area, and volume are expressed 
in standard metric units.  
 
We have updated the Materials and Methods section to better describe how we determined the 
Lymphatic Vessel Index values for samples and what the units are for Lymphatic Vessel Index.  
 
Lymphatic Vessel Index = the number of times gridlines intersect within or on lymphatics in an area 
of 42,300 µm2. 
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(Materials and Methods – Page 13): “Images were captured with a 40X objective and were analyzed 
with Image J. A 20-line by 26-line multipurpose test grid, with line length 9 µm, spacing 9 µm, 
total points 520, and total test area 180 µm x 235 µm, was overlaid on images with tissue 
dimensions of 180 µm x 235 µm. We then counted the number of times the gridlines intersected 
within or on lymphatics in an area of 42,300 µm2. We refer to this value as “Lymphatic Vessel 
Index”.  
 
15. Figure 2C: Does the bright magenta region labeled Connective Tissue contain mostly 
skeletal muscle? If so, the label should reflect this.  
 
We have updated the label for the bright magenta region. 
 
(Figure 2C): “Connective Tissue and Muscle” 
 
16. Figure 4D: The Y-axis label should be changed to reflect that the values are expressed as % 
of LYVE-1-positive lymphatics that also stained for GFP. 
 
We have changed the Y-axis label. 
 
(Figure 4D): “% of Lyve1+ lymphatics that also stained for GFP” 
 
17. Figure 5C, E, G: Add label to show that lymphatics were stained brown for LYVE-1. 
 
We have added labels to indicate that the sections were stained for Lyve1. 
 
18.Figure 5D, F, H: In these and other figures that present data expressed as lymphatic vessel 
index values, please change the Y-axis units to reflect responsiveness to Comments #13 and 
#14. 
 
We now state in the Materials and Methods section that “Lymphatic Vessel Index” represents the 
number of times gridlines intersect within or on lymphatic vessels in an area of 42,300 µm2. Rather 
than writing that out in the Y-axis, we have decided to keep the Y-axis labeled “Lymphatic Vessel 
Index”. We hope that the reviewer agrees with this decision. 
 
19. Figure 6G: Same as Comment #17 
 
We have added labels to indicate that the sections were stained for Lyve1. 
 
20. Figure 6H, I, J: Same as Comment #18 
 
We now state in the Materials and Methods section that “Lymphatic Vessel Index” represents the 
number of times gridlines intersect within or on lymphatic vessels in an area of 42,300 µm2. Rather 
than writing that out in the Y-axis, we have decided to keep the Y-axis labeled “Lymphatic Vessel 
Index”. We hope that the reviewer agrees with this decision. 
 
21. Figure 7I: The Y-axis label should be changed to reflect that the values are expressed as % 
of lymphatics stained for podoplanin (or whatever stain was used to show 100% of lymphatics) 
that also stained for GFP. 
 
We have changed the Y-axis label. 
 
(Figure 7I): “% of Podoplanin+ lymphatics that also stained for GFP” 
 
22. Figure 8D: Please change the Y-axis units to reflect responsiveness to Comments #13 and 
#14. Also indicate whether lymphatics were stained for LYVE-1 or podoplanin. 
 
We now state in the Materials and Methods section that “Lymphatic Vessel Index” represents the 
number of times gridlines intersect within or on lymphatic vessels in an area of 42,300 µm2. Rather 
than writing that out in the Y-axis, we have decided to keep the Y-axis labeled “Lymphatic Vessel 
Index”. We hope that the reviewer agrees with this decision. 
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We have updated the figure legend to indicate that the samples were stained with an anti-
podoplanin antibody. 
 
(Figure Legend 8 – Page 21): “Lymphatic vessel index values were determined for femurs stained 
with an anti-podoplanin antibody.” 
 
23. Figure 10D: Please change the Y-axis units to reflect responsiveness to Comments #13 and 
#14. Also indicate whether lymphatics were stained for LYVE-1 or podoplanin. 
 
In Figure 10D we report the number of podoplanin-positive lymphatics we observed per femur 
section.  

To determine the number of lymphatics per femur section, we scanned an entire 5 m-thick 
longitudinal section of femur and counted the number of bone lymphatics in the section.  
We have updated the Y-axis to indicate that we examined podoplanin-positive lymphatics.  
 
(Figure 10D): “Podoplanin+ lymphatics per femur section” 
 
24. All figures with images of immunohistochemical staining: Please add labels to identify each 
color of staining in the image. 
 
We have added labels to all of the IHC images to indicate which antibodies were used to stain the 
tissue.  
 
We also updated the Materials and Methods section to indicate that the antibody staining is brown 
and the hematoxylin is purple. 
 
(Materials and Methods – Page 12): “Antibody binding was detected with an ImmPACT DAB 
Peroxidase Substrate Kit (Vector, SK-4105), which creates a brown color. Slides were then dipped 
in hematoxylin (purple color), dehydrated, and coverslips were mounted with CytoSeal 
(Thermoscientific, 8312-4).” 
 
 

 
 
Third decision letter 
 
MS ID#: DEVELOP/2019/184291 
 
MS TITLE: Lymphatics in bone arise from preexisting lymphatics and rapamycin suppresses the 
growth of bone lymphatics 
 
AUTHORS: Marco Monroy, Anna McCarter, Devon Hominick, Nina Cassidy, and Michael Dellinger 
 
I have now received all the referees reports on the above manuscript, and have reached a decision. 
The referees' comments are appended below, or you can access them online: please go to 
BenchPressand click on the 'Manuscripts with Decisions' queue in the Author Area. 
 
The overall evaluation is positive and we would like to publish a revised manuscript in 
Development. Reviewer 2 has requested.that you consider streamlining the title, I agree that it 
could be improved. He/she also requested that you further clarify measurements of Lymphatic 
Vessel Index. Please send me these changes as soon as possible and we will move forward with the 
manuscript. It will not go back to the reviewers. 
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Reviewer 2 
 
Advance summary and potential significance to field 
 
Review for Development of Manuscript DEVELOP_2019_184291 V3 entitled “Lymphatics in bone 
arise from preexisting lymphatics and rapamycin suppresses the growth of bone lymphatics” by 
Marco Monroy, Anna L. McCarter, Devon Hominick, Nina Cassidy, and Michael T. Dellinger 
 
General Comments 
 
1. The authors have done an excellent job addressing the comments on Version 2 of their 
manuscript and have created a solid report that should be of broad interest.  
 
2. Two remaining issues described below should be addressed by the authors with the help of the 
journal editorial staff. 
 
Comments for the author 
 
Specific Comments 
 
1. The title “Lymphatics in bone arise from preexisting lymphatics and rapamycin suppresses the 
growth of bone lymphatics” is cumbersome. I recommend that the authors work with the editors to 
streamline the title and make it more punchy.  
 
2. In Version 3 of the manuscript, the authors have further clarified the method used to measure 
lymphatics, in their response to Specific Comments #13 and #14 on Version 2. The description of 
the method in Version 3 has evolved considerably from the ones in Versions 1 and 2, as reflected by 
changes in the corresponding sections of the Methods shown below, and is much more informative 
and seems more accurate.  
 
a. Version 1: “Lymphatic Vessel Index. We opened pictures of bone in Image J and placed a grid 
(19,000 cm2) over the pictures. We then counted the number of gridlines that intersected within or 
on lymphatics.” 
 
b. Version 2: “Lymphatic Vessel Index. To determine the Lymphatic Vessel Index for a sample, we 
opened a picture of the sample in Image J, placed a 20-line by 20-line grid over the picture and 
then counted the number of gridlines that intersected within or on the lymphatics.” 
 
c. Version 3: “Lymphatic Vessel Index. Images were captured with a 40X objective and were 
analyzed in Image J. A 20-line by 26-line multipurpose test grid, with line length 9 µm, spacing 9 
µm, total points 520, and total test area 180 µm x 235 µm, was overlaid on images with tissue 
dimensions of 180 µm x 235 µm. We then counted the number of times the gridlines intersected 
within or on lymphatics in an area of 42,300 &#956;m2. We refer to this value as “Lymphatic Vessel 
Index”.”  
 
3. The description of the method for measuring lymphatics in Version 3 resembles the approach use 
to measure the area density of lymphatic vessels by point counting, where the fraction of total area 
of tissue occupied by lymphatics is calculated from the number of points over lymphatic walls 
and/or lymphatic lumens and expressed as a percent of total points over the region of tissue being 
tested (in this case, lymphatic points/520, expressed as %).  
 
4. However, the authors’ description of counting intersections with gridlines, instead of points 
marked by the ends of gridlines, resembles the approach used to measure lymphatic length density, 
instead of area density. It also raises the question of how gridlines entirely over vessel lumens are 
treated, as such gridlines would not intersect anything. The latter condition is particularly 
important where lymphatic lumens are greatly enlarged, as in Figures 5C, 5E, and 6G. These issues 
need clarification in the Materials & Methods.  
 
5. Although conventional measurements of lymphatic area density or length density are strongly 
recommended, the authors can express their measurements in units of Lymphatic Vessel Index, if 
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they explain in the Materials & Methods or Discussion the rationale, attributes, and limitations for 
using their approach instead of standard measurements of area density or length density. The latter 
have a strong theoretical foundation and are well defined in the literature (e.g., Baddeley and 
Jensen. Stereology for Statisticians. Monographs on Statistics and Applied Probability 103, Chapman 
& Hall 2005).  
 
6. If points were counted instead of intersections, values for Lymphatic Vessel Index can readily 
converted to area densities: (Lymphatic Vessel Index/520) * 100. An attribute of area densities is 
that the units (%) are transparent and Y-axis values in all graphs have the same scale (0-100%), 
which makes it easy to compare values for different conditions or tissues. By comparison, in the 
current version of Figures 5D, 5F, and 5H and Figures 6H, 6I, and 6J, Lymphatic Vessel Index values 
for muscle, cortical bone, and bone marrow have different Y-axis scales, making them difficult to 
compare. 
 
 
Reviewer 3 
 
Advance summary and potential significance to field 
 
As previously summarized. 
 
Comments for the author 
 
There are no remaining concerns from the perspective of this reviewer.  
 
 

 
 
Third revision 
 
Author response to reviewers' comments 
 
Reviewer 2 Comments for the author 
 
Specific Comments 
 
1. The title “Lymphatics in bone arise from preexisting lymphatics and rapamycin suppresses the 
growth of bone lymphatics” is cumbersome. I recommend that the authors work with the editors to 
streamline the title and make it more punchy. 
 
We have streamlined the title. 
 
The title is now “Lymphatics in bone arise from preexisting lymphatics”. 
 
2. In Version 3 of the manuscript, the authors have further clarified the method used to measure 
lymphatics, in their response to Specific Comments #13 and #14 on Version 2. The description of 
the method in Version 3 has evolved considerably from the ones in Versions 1 and 2, as reflected by 
changes in the corresponding sections of the Methods shown below, and is much more informative 
and seems more accurate. 
 
We agree with the reviewer that the description is more informative. 
 
3. The description of the method for measuring lymphatics in Version 3 resembles the approach use 
to measure the area density of lymphatic vessels by point counting, where the fraction of total area 
of tissue occupied by lymphatics is calculated from the number of points over lymphatic walls 
and/or lymphatic lumens and expressed as a percent of total points over the region of tissue being 
tested (in this case, lymphatic points/520, expressed as %).  
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As we state in the manuscript, lymphatic vessel index represents the number of times gridlines 
intersect on lymphatics and in lymphatic lumens in the test area.  
 
4. However, the authors’ description of counting intersections with gridlines, instead of points 
marked by the ends of gridlines, resembles the approach used to measure lymphatic length density, 
instead of area density. It also raises the question of how gridlines entirely over vessel lumens are 
treated, as such gridlines would not intersect anything. The latter condition is particularly 
important where lymphatic lumens are greatly enlarged, as in Figures 5C, 5E, and 6G. These issues 
need clarification in the Materials &amp; Methods. 
 
We have edited the description of Lymphatic Vessel Index.  
 
Materials and Methods (Page 13): “A 20-line by 26-line multipurpose test grid, with line length 9 
µm, spacing 9 µm, total points 520, and total test area 180 µm x 235 µm, was overlaid on images 
with tissue dimensions of 180 µm x 235 µm. The total test area was 42,300 µm2. We counted the 
number of times the gridlines intersected on lymphatics and in lymphatic lumens in the test area. 
We refer to this value as “Lymphatic Vessel Index”.” 
 
5. Although conventional measurements of lymphatic area density or length density are strongly 
recommended, the authors can express their measurements in units of Lymphatic Vessel Index, if 
they explain in the Materials &amp; Methods or Discussion the rationale, attributes, and limitations 
for using their approach instead of standard measurements of area density or length density. The 
latter have a strong theoretical foundation and are well defined in the literature (e.g., Baddeley 
and Jensen. Stereology for Statisticians. Monographs on Statistics and Applied Probability 103, 
Chapman &amp; Hall 2005). 
 
We have already published our “Lymphatic Vessel Index” method in eLife. Lymphatic vessels in Osx-
tTA;TetO-Vegfc mice vary in size and number. We have found that this method allows us to reliably 
and reproducibly quantify phenotypes in our mice.  
 
6. If points were counted instead of intersections, values for Lymphatic Vessel Index can readily 
converted to area densities: (Lymphatic Vessel Index/520) * 100. An attribute of area densities is 
that the units (%) are transparent and Y-axis values in all graphs have the same scale (0-100%), 
which makes it easy to compare values for different conditions or tissues. By comparison, in the 
current version of Figures 5D, 5F, and 5H and Figures 6H, 6I, and 6J, Lymphatic Vessel Index values 
for muscle, cortical bone, and bone marrow have different Y-axis scales, making them difficult to 
compare. 
 
There is no need to change the graphs because we counted intersections. 
 
 

 
 
Fourth decision letter 
 
MS ID#: DEVELOP/2019/184291 
 
MS TITLE: Lymphatics in bone arise from preexisting lymphatics 
 
AUTHORS: Marco Monroy, Anna McCarter, Devon Hominick, Nina Cassidy, and Michael Dellinger 
ARTICLE TYPE: Research Article 
 
I am happy to tell you that your manuscript has been accepted for publication in Development, 
pending our standard ethics checks.  
 

 


