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Abstract

Thrombocytopenia is a common hematologic disorder that is managed primarily by platelet 

transfusions. We report here that noninvasive whole-body illumination with a special near-infrared 

laser cures acute thrombocytopenia triggered by γ-irradiation within 2 weeks in mice, as opposed 

to a 5-week recovery time required in controls. The low-level laser (LLL) also greatly accelerated 

platelet regeneration in the presence of anti-CD41 antibody that binds and depletes platelets, and 

prevented a severe drop in platelet count caused by a common chemotherapeutic drug. 

Mechanistically, LLL stimulated mitochondrial biogenesis specifically in megakaryocytes owing 

to polyploidy of the cells. LLL also protected megakaryocytes from mitochondrial injury and 

apoptosis under stress. The multifaceted effects of LLL on mitochondria bolstered megakaryocyte 

maturation; facilitated elongation, branching, and formation of proplatelets; and doubled the 

number of platelets generated from individual megakaryocytes in mice. LLL-mediated platelet 

biogenesis depended on megakaryopoiesis and was inversely correlated with platelet counts, 

which kept platelet biogenesis in check and effectively averted thrombosis even after repeated 

uses, in sharp contrast to all current agents that stimulate the differentiation of megakaryocyte 

progenitors from hematopoietic stem cells independently of platelet counts. This safe, drug-free, 

donor-independent modality represents a paradigm shift in the prophylaxis and treatment of 

thrombocytopenia.
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INTRODUCTION

Thrombocytopenia is responsible for uncontrollable bleeding and death owing to an 

abnormally low number of platelets in the blood. The disease is mostly managed by platelet 

transfusion, which is associated with a variety of complications (including infections, 

allergic reactions, platelet refractoriness, fever, and immunosuppression) and limited only to 

patients with life-threatening conditions. Considerable progress has been made in the 

development of therapeutic agents for treating thrombocytopenia in the past three decades. 

For instance, recombinant human interleukin-11 (rHuIL-11) is currently used for 

chemotherapy-induced thrombocytopenia, and thrombopoietin (TPO) receptor agonists 

romiplostim and eltrombopag are in the clinic for chronic immune thrombocytopenia (ITP), 

both of which were approved by U.S. Food and Drug Administration in 1997 and 2008, 

respectively. Almost all of these agents augment the growth and differentiation of 

hematopoietic stem cells (HSCs) and/or progenitor cells, increasing megakaryopoiesis 

independently of the number of circulating platelets (1). Hence, a high dose of these agents 

often causes a deleterious thrombosis, whereas a low dose exhibits modest or little effect (2), 

which severely limits their broad clinical applications. An effective modality that promotes 

platelet production with minimal risk of thrombosis remains an urgent and unmet medical 

need for management of thrombocytopenia.

Blood platelets are small, anucleate cells generated from megakaryocytes (MKs) that reside 

primarily in the bone marrow (BM). The cells are differentiated from HSCs and represent 

the largest (an average diameter of 50 to 100 μm) and also one of the rarest cells, consisting 

of only ~0.05% of BM nucleated cells under physiological conditions (3), but the cells grow 

exponentially in number in patients suffering thrombocytopenia (4). During MK maturation, 

multiple rounds of nuclear proliferation take place in the absence of cell division, in a 

process called endomitosis, through which their cytoplasm is extensively enlarged and 

genomic DNA is amplified up to 64N in humans or 256N in mice, concurrent with synthesis 

of abundant cytoskeletal proteins, platelet-specific granules, and invaginated membrane 

systems. The cellular enlargement is followed by proplatelet formation in which the terminal 

mature MKs convert their entire cytoplasm into many long, branching proplatelets that are 

elongated at a rate of ~1 μm/min to reach the length of 250 to 500 μm over a few hours (5). 

The massive cytoplasm remodeling and vigorous protrusion and elongation of proplatelets 

are driven by microtubule forces and rely heavily on adenosine 5′-triphosphate (ATP) 

generation (6, 7), implicating a central role for mitochondria in the process. Consistent with 

this, ultrastructural abnormalities and inadequate function of MK mitochondria are 

sometimes associated with impaired thrombopoiesis in ITP and some myelodysplastic 

syndrome (MDS) patients (8, 9). Point mutations in mitochondrial cytochrome c cause 

dysregulated platelet formation and thrombocytopenia in humans (10), suggesting that 

platelet biogenesis is sensitive to mitochondrial activity. We recently showed that inadequate 

mitochondrial function predisposed mice lacking immediate early responsive gene X-1 

(IEX-1) to thrombocytopenia upon stress (11). One of the major functions of IEX-1 is to 

enhance ATP synthase activity at the mitochondrial respiratory chain (12), and its null 

mutation compromises ATP generation and increases the production of reactive oxygen 

species (ROS) in mitochondria (13). The ability of mitoquinone, a mitochondrion-specific 
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antioxidant, to completely reverse thrombocytopenia in IEX-1–deficient mice suggests that 

mitochondrial functions are crucial in platelet generation (14).

A special near-infrared laser with a relatively low energy density, called low-level laser 

(LLL) or cold laser, can activate cytochrome c oxidase in the mitochondrial respiratory chain 

and improve mitochondrial function (15, 16). LLL appears to be able to directly increase 

mitochondrial membrane potential (17), stimulate ATP synthesis (16), and modulate cellular 

ROS and Ca2+ levels (18, 19). LLL can also attenuate oxidative stress (20), prevent 

apoptosis of various cells (19), reduce inflammation (16), and promote proliferation and 

differentiation of mesenchymal and cardiac stem cells, dental pulp stem cells, adipose-

derived stem cells, and various progenitor and stem cells (21). The light illumination 

modulates other signaling transduction pathways as well secondarily to more efficient 

function of mitochondria under various conditions of stress (22). Because of its known 

effects on mitochondria, we hypothesized that LLL might have a beneficial effect on platelet 

generation.

We demonstrate here that noninvasive whole-body LLL illumination increases platelet 

generation and completely cures or greatly ameliorates thrombocytopenia caused by γ-

irradiation (IR), ITP (induced by anti-CD41 antibody), or chemotherapy in mice. LLL 

primarily targeted MKs and bolstered mitochondrial biogenesis specifically in polyploid 

MKs, but not in diploid cells, even though LLL increased ATP production transiently in 

MKs, HSCs, and BM nucleated cells. These findings support LLL as a new prophylactic and 

therapeutic modality to manage thrombocytopenia with a low risk of thrombosis.

RESULTS

LLL accelerates proplatelet formation and enhances platelet production from MKs

To explore possible effects of LLL on platelet biogenesis, we sorted mature MKs from 

mouse BM nucleated cells on the basis of CD41+ and high forward scatter (FSChigh) (23), 

and exposed them to 810-nm diode laser for varying durations (Fig. 1A). The sorted MKs 

were then cultured for 1 hour in serum-free expansion medium containing TPO (100 ng/ml)

—called MK medium hereafter. LLL at energy densities ranging from 1 to 10 J/cm2 

significantly enhanced ATP synthesis in MKs, with the most prominent effect at 3 to 5 J/cm2 

(Fig. 1B). The laser at 3 J/cm2 was thus selected for subsequent ex vivo studies unless 

otherwise indicated. We first treated the sorted MKs with LLL or a soft white light-emitting 

diode (LED) as sham light and cultured them in MK medium for 24 hours, followed by flow 

cytometric analysis of the size of 5000 MKs by FSC on the gate of CD41+ cells, which 

revealed an average 60% increase in LLL-treated MKs, in comparison with only a 37% size 

increase in sham-treated MKs (Fig. 1C). LLL increased the major diameter of the MKs by 

76% after 24-hour culture, as opposed to only 39% increase in the absence of LLL under 

similar conditions (Fig. 1D).

Apart from cell enlargement, LLL-treated MKs had already generated invaginated 

membrane systems throughout the entire cytoplasm after 24-hour culture, whereas little such 

membrane system was formed in control MKs (Fig. 1D), suggesting that LLL accelerates 

MK maturation. The invaginated membrane system is the membrane reservoir of 
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proplatelets and one of the key determinants of the number of platelets generated from each 

MK (24). In accordance with this, LLL-treated MKs produced twice as many platelets as 

control MKs (Fig. 1E), owing to an increased proportion of large proplatelet-forming MKs 

(PPF-MKs) (Fig. 1, F and G).

PPF-MKs were tracked in culture for 24 hours under phase-contrast microscopy, during 

which MKs converted their cytoplasm into many proplatelets that were decorated with 

multiple protrusions, adopting a blossom-like morphology at varying sizes (Fig. 1F). About 

23.5% of CD41+ FSChigh MKs formed large PPF-MKs with a cell diameter of ≥100 μm in 

the absence of LLL. Strikingly, the percentage of these large PPF-MKs increased to 42.7% 

in the presence of LLL, representing a more than 80% increase compared to controls (Fig. 

1G). To recapitulate this finding in vivo, mature MKs were sorted, treated with LLL or sham 

light, labeled with vital fluorescent dye carboxyfluorescein diacetate succinimidyl ester 

(CFSE), and intravenously infused into recipient mice (11). LLL-treated MKs generated 

higher levels of platelets than control counterparts from day 2 to day 5 after infusion in 

recipients (Fig. 1H).

Mitochondrial ATP production is crucial in platelet formation

Further investigation revealed significant correlations between MK ATP levels measured at 1 

hour after LLL and platelet counts measured 3 days later (Fig. 2A). LLL-mediated 

enhancement of platelet generation was severely blunted by oligomycin A (OA) (Fig. 2B)—

an antibiotic that specifically inhibits mitochondrial F1F0-ATP synthase and reduces ATP 

synthesis in cells, which correlated with OA-mediated inhibition of ATP production in MKs 

(Fig. 2C). The importance of ATP in platelet formation is consistent with the development of 

irreversible thrombocytopenia upon stress in mice lacking IEX-1 (11). MKs lacking IEX-1 

had reduced mitochondrial membrane potential (Δψm) (Fig. 2D) and ATP production (Fig. 

2E) compared with wild-type controls. Proplatelet differentiation from IEX-1 knockout 

(KO) MKs was severely hindered, forming fewer and shorter proplatelet branches of less 

complexity (Fig. 2F).

The average size of IEX-1 KO PPF-MKs was halved as compared with wild-type PPF-MKs 

(Fig. 2G), confirming a pivotal role of mitochondrial activity in proplatelet formation. 

Remarkably, a single dose of LLL rescued ATP levels in IEX-1 KO MKs (Fig. 2E) and 

restored proplatelet formation, leading to a near-normal PPF-MK morphology 24 hours after 

illumination (Fig. 2F). The average diameter (±SEM) of IEX-1 KO PPF-MKs was only 67.0 

± 17.8 μm but increased to 97.6 ±31.3 μm after LLL treatment—a 46% increase—although 

they were still smaller than wild-type PPF-MKs (Fig. 2G). LLL-mediated enlargement of 

KO PPF-MKs translated into a twofold increase in the number of platelets produced when 

compared to sham treatment in the 3-day culture (Fig. 2H). These data corroborate 

mitochondrial activity as a determinant factor of platelet production.

LLL bolsters mitochondrial biogenesis in MKs

We next determined how brief (3 min and 20 s) LLL treatment of MKs in vitro could affect 

platelet differentiation for days. We found that LLL elevated ATP production in MKs only 

briefly, peaking at 60 min and returning to the basal level in 90 min (Fig. 3A). This transient 
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and robust ATP production was also evidenced in BM nucleated cells, and HSCs and 

progenitor cells [Lin−Sca1+cKit+ cells (LSKs)] after LLL treatment (Fig. 3A). However, to 

our surprise, LLL-facilitated mitochondrial biogenesis occurred only in MKs, not in LSKs 

or BMs, as indicated by doubling mitochondrial content only in MKs 24 hours after LLL 

compared to controls (Fig. 3B). A mitochondrial mass increase was confirmed by the 

relative ratio of mitochondrial DNA to nuclear DNA (Fig. 3C).

LLL-mediated mitochondrial biogenesis was further corroborated at the molecular level. 

Peroxisome proliferator–activated receptor-γ coactivator 1α (Pgc1a) is a master regulatory 

gene for mitochondrial biogenesis (25, 26). Its expression was robustly enhanced 4 hours 

after LLL in MKs, after which other genes associated with mitochondrial biogenesis were 

also up-regulated significantly (Fig. 3D and table S1), including mitochondrial 

transcriptional factor A (Tfam), dynamin-related protein (Drp1), mitochondrial fission 1 

protein (Fis1), and mitochondrial fission factor (Mff). A role for Pgc1a expression in LLL-

mediated platelet biogenesis was corroborated by MKs sorted from Pgc1a+/− mice. MKs 

from Pgc1a+/− mice expressed a half amount of Pgc1a transcript as that of wild-type MKs 

(fig. S1A). After treatment with LLL, mitochondrial mass increased by 87% in wild-type 

MKs but only 10% in Pgc1a+/− MKs (fig. S1B). Consequently, LLL raised platelet 

production by 100% in wild-type MKs as opposed to only 20% in Pgc1a+/− MKs (fig. S1C). 

The results indicate an important role for PGC-1a in LLL-mediated mitochondrial 

biogenesis and platelet formation. Pgc1a expression was low in BM nucleated cells and 

LSKs, but elevated by LLL treatment (fig. S2A), corroborating the ability of LLL to 

stimulate Pgc1a in different cell types (27). However, in contrast to MKs, none of the genes 

downstream of Pgc1a (26)—Tfam, Drp1, Fis1, or Mff—were up-regulated in BM nucleated 

cells or LSKs measured in parallel (fig. S2B), similar to what has been described previously 

(27), probably owing to diploidy of the cells in contrast to the polyploidy of MKs (fig. S2C) 

(28).

To determine the role of MK polyploidy in LLL-mediated biogenesis of mitochondria, we 

sorted CD41+ MKs from BM nucleated cells on the basis of DNA content (29). The fraction 

of 2N/4N cells contained an average of 2.3N MKs, like diploid cells, whereas the fraction of 

≥8N cells contained an average of 11.4N MK cells, considered to be polyploid MKs (Fig. 

3E). MKs with ≥8N DNA responded to LLL much stronger than did those with 2N/4N, 

manifested by substantial increases in mitochondrial biogenesis and Pgc1a expression in 

polyploid MKs over diploid MKs under similar conditions (Fig. 3, F and G). The DNA copy 

number–dependent effect of LLL was even more predominant in the expression of 

downstream genes Tfam, Drp1, Fis1, and Mff, with 100 to 200% increases of these genes in 

polyploid MKs but only 0 to 20% increases in diploid MKs (Fig. 3H). In accordance with 

this, LLL enhanced platelet production by 200% over sham light in polyploid MKs, but only 

29% in diploid MKs (Fig. 3I). Thus, LLL enhances mitochondrial biogenesis efficiently in 

polyploid MKs but not in diploid cells.

The increase in mitochondrial mass was observed in multi-nucleated MKs (Fig. 3, J and K), 

where mitochondria were counted only in multinuclear cells before the invaginated 

membrane system was fully developed. Apart from an increased number of mitochondria, 

LLL also altered mitochondrial distribution in MKs. Mitochondria were more evenly 
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distributed over the entire cells after LLL, whereas mitochondria in sham-treated MKs were 

concentrated primarily around the perinuclear region (Fig. 3J). Measurement of distances of 

individual mitochondria to the nearest nucleus revealed that 16% of mitochondria in LLL-

treated MKs were located >4 μm away from the nucleus, whereas these mitochondria away 

from the nucleus were only 4% in control MKs (Fig. 3L).

LLL cures thrombocytopenia induced by IR fast

To explore any therapeutic possibility for LLL, we first determined a laser dose that could 

sufficiently penetrate through mouse skin, muscle, and bone layers, reaching the BM at 3 

J/cm2. Among several lasers tested, including a 660-nm continuous wave laser, 810-nm 

pulsed lasers (10 and 100 Hz), and an 810-nm continuous wave laser, the latter showed the 

most effective transmittance, with 9.0 ±0.6% of the laser power being transmitted into the 

BM (Fig. 4A). Thus, whole-body illumination for 5 min with 810-nm continuous wave laser 

at 100 mW/cm2 or an energy density of 30 J/cm2 was selected so that the mouse BM 

nucleated cells could receive an energy density of ~3 J/cm2, equivalent to the laser energy 

used in our ex vivo culture experiments. Laser penetration was verified by increased ATP 

production in BMs isolated from the mouse vertebrae, femur, tibia, and pelvis 1 hour after 

whole-body LLL illumination (Fig. 4B). The effect of LLL on MK differentiation in vivo 

was subsequently confirmed by confocal microscopy in femur bones, where blood vessels 

and MKs were stained for CD105 and CD41, respectively (Fig. 4C). Large blossom-like 

MKs, likely PPF-MKs, were readily seen all over the BM 24 hours after LLL, whereas such 

blossom-like cells were hardly found in the BM of control mice (Fig. 4C). About 36% of 

MKs in LLL-treated femurs formed PPF-MKs, whereas only 19% of MKs formed PPF-MKs 

in control femurs (Fig. 4D).

The aforementioned study suggested that LLL mainly targeted MKs and thus should have 

greater impact in subjects with a high number of MKs, like those suffering from 

thrombocytopenia, because the disorder triggers compensatory megakaryopoiesis. We 

therefore induced thrombocytopenia by 3-Gy IR and then treated the mice with whole-body 

LLL illumination for 5 min per day at an energy density of 30 J/cm2 using the following 

protocols: (i) treated once at 6 hours after IR (IR + 1×LLL), (ii) treated twice at 6 and 24 

hours after IR (IR + 2×LLL), and (iii) treated four times for four consecutive days starting at 

day 0 (IR + 4×LLL). Completed blood counts were checked weekly and compared with γ-

irradiated mice receiving sham light. There were no significant alterations in the counts of 

white blood cells, lymphocytes, monocytes, granulocytes, or red blood cells in the presence 

of LLL or sham light throughout the entire experimental period (Fig. 5A). However, platelet 

recovery was much faster in the mice in a laser dose-dependent fashion (Fig. 5B). The 

platelet counts reached a pre-IR level or above as early as 2 weeks (IR + 4×LLL) or 3 weeks 

(IR + 2×LLL) after IR, as opposed to 5 weeks of sham-treated mice (IR).

Consistent with a rising platelet count was normalization of tail bleeding time (Fig. 5C) as 

well as mean platelet volume (Fig. 5D) in the mice when examined 2 weeks after IR. 

Platelets produced in 4×LLL-treated mice were ultrastructurally indistinguishable from 

normal control platelets containing comparable levels of granules, mitochondria, and open 

canalicular systems (Fig. 5E). In contrast, platelets isolated from γ-irradiated mice exhibited 
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abnormal morphology—two- to threefold bigger than a normal platelet—with lower amount 

of mitochondria and granules (Fig. 5E). The abnormal morphology of platelets may explain 

the doubled bleeding time in these mice compared to normal controls despite only a 40% 

drop in platelet count (Fig. 5, B and C). The overall aggregation activity of platelets isolated 

from 4×LLL-treated mice was also identical to that of normal controls receiving no IR (Fig. 

5F). These results indicate that platelets generated by LLL treatment remained intact 

morphologically and functionally.

Furthermore, although LLL significantly augmented platelet production in 

thrombocytopenic mice, there was no significant effect on platelet counts in normal mice 

when LLL was administered once every other day for up to 12 days as compared to sham-

treated mice (Fig. 5G). There were also no significant alterations in the number of MKs (Fig. 

5G), which supports the safety of this approach, as there would be little concern about 

thrombosis even after repeated LLL uses.

Apart from enhancement and acceleration of proplatelet formation, LLL might also protect 

MKs from apoptosis induced by IR, leading to a higher number of MKs in LLL-treated 

versus sham-treated mice during the first 3 days after IR. The number of MKs peaked 2 days 

after IR and rose from 37,353 to 78,159 in one femur bone in the presence of LLL, which 

was about 50% higher than that in the absence of LLL (Fig. 5H). When MKs were sorted 

and subjected to 3-Gy IR followed by measurement of caspase-3/7 activation (fig. S3A), a 

threefold increase in caspase-3/7 activity was attained, on average, in γ-irradiated MKs 

relative to non-IR counterparts (fig. S3B), concurrent with marked decreases in cell viability 

within 24 hours after IR (fig. S3C). LLL given at 6 hours after IR significantly inhibited 

caspase-3 activation and enhanced cell survival of γ-irradiated MKs.

LLL-mediated protection of MKs from IR-induced damage resulted in an increasing 

percentage of total PPF-MKs from 20.5 to 30.2%, especially the percentage of large PPF-

MKs (from 5.8 to19.2%) (fig. S3D), as well as restoration of platelet production of γ-

irradiated MKs cultured ex vivo (fig. S3E). Notably, an initial increase in the number of 

MKs was followed by a sharp decline to the lowest level on day 5 after IR (Fig. 5H). 

However, the number of MKs rose again steadily in LLL-treated mice, whereas it continued 

to drop in sham-treated mice (Fig. 5H), which might be attributed to better differentiation of 

MKs from HSCs in response to LLL, although a further study would be required to reach 

this conclusion.

LLL mitigates thrombocytopenia induced by anti-CD41 antibodyor 5-fluororacil

We investigated whether LLL-mediated thrombopoiesis was specific for thrombocytopenia 

induced by IR or whether it induced platelet biogenesis in other forms of thrombocytopenia 

commonly seen in the clinic. We depleted platelets by administering anti-CD41 antibody 

daily for 7 days to create an animal model of ITP (30). ITP mice were treated with either 

sham light or LLL at 30 J/cm2 daily with an initial illumination on day 3 when platelet 

counts had reached a nadir (Fig. 6A). With only 2 days of therapy, LLL accelerated the 

recovery of platelet counts in the presence of anti-CD41 antibody, although platelet counts 

rebounded in all of the mice by day 7, owing to compensatory thrombopoiesis (Fig. 6A). 

Bleeding time was also normalized on day 5 in LLL-treated animals (Fig. 6B). Similar 

Zhang et al. Page 7

Sci Transl Med. Author manuscript; available in PMC 2020 July 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



effects of LLL on platelet regeneration were seen in mice receiving the common 

chemotherapeutic drug 5-fluororacil (5-FU). In this model, LLL was given once daily from 

day 0 to day 2. The chemotherapeutic drug diminished circulating platelet counts by 43% on 

day 4 at a dose of 150 mg/kg body weight (31), but three doses of LLL were sufficient to 

alleviate thrombocytopenia (Fig. 6C) and normalize bleeding time on day 4 (Fig. 6D) in the 

drug-treated mice, although all miced recovered again by day 8.

LLL displays thrombopoietic potentials in human cells

We assessed the clinical potential for LLL therapy by stimulating platelet production in 

human MKs. CD34+ cells were cultured in serum-free expansion medium containing human 

TPO (100 ng/ml), which recapitulated all of the differentiation stages of megakaryopoiesis 

described previously (32). In the culture, CD34+ cells differentiated predominantly into MK 

progenitors in 6 days, MKs in 12 days, and platelets in 15 days (Fig. 7A). We sorted MKs 

from day 12 cultures and treated them with LLL at various energy densities. ATP production 

in human MKs was significantly stimulated by LLL at energy densities ranging from 0.5 to 

10 J/cm2, with a peak response at 3 J/cm2 (Fig. 7B), resembling mouse MKs (Fig. 1B).

The same laser power as used in mice (3 J/cm2) was administered on day 0 (to mainly 

CD34+ cells in the culture), day 6 (to MK progenitors), or day 12 (to MKs), followed by 

evaluation of the platelet production on day 15. MK differentiation in these cultures was 

verified by an increasing polyploidy over time, with a maximal percentage of polyploid cells 

(≥8N) on day 12 (Fig. 7C). The increases in cellular polyploidy correlated with the effect of 

LLL on platelet production, with the highest level of platelets induced by LLL on day 12 of 

the culture (Fig. 7D). The results suggest that MKs are the preferential target of LLL, as 

seen in mice, and that LLL has similar effects on platelet biogenesis in human and mouse 

MKs.

DISCUSSION

We demonstrated that noninvasive LLL illumination could robustly increase platelet 

generation in thrombocytopenic mice, but not in normal controls. The laser worked equally 

well in both human and mouse MKs ex vivo, consistent with evolutionary conservation of 

mitochondria and thrombopoiesis between these two species. These observations argue for 

the translational potential of LLL as both a therapeutics and a preventative modality for 

thrombocytopenia. The most important finding of the study is that LLL targets primarily 

MKs, which keeps thrombopoiesis in check by free plasma TPO that is inversely correlated 

with the number of circulating platelets (33). In sharp contrast, all current agents used in the 

clinics or under the development for treating thrombocytopenia promote the differentiation 

of MK precursors from HSCs independently on platelet counts, thereby imposing a high risk 

of thrombosis if used at a high dose.

Because the number of MKs is reciprocally regulated by platelet counts via 

megakaryopoiesis, the more severe the thrombocytopenia, the more vigorous 

megakaryopoiesis would be induced, bringing about a great number of MKs, and the more 

prominent effect of LLL on thrombopoiesis could occur. In contrast to thrombocytopenic 

condition, LLL displays little effect on platelet counts under a physiological condition or 
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when the platelet counts return to a normal level because of an extremely low number of 

MKs in these healthy subjects. We examined three different rodent models of acquired 

thrombocytopenia—IR-, ITP-, and 5-FU–induced—but in theory, LLL should benefit all 

patients with acquired thrombocytopenia regardless of its etiology, provided that 

megakaryopoiesis is triggered by the thrombocytopenia. It is not clear, however, whether 

LLL has similar effects on inherent thrombocytopenia or MDS, which should be 

investigated separately because it will require a large number of BM samples from many 

patients to find a few of them with a defect in mitochondrial functions for the evaluation. 

Patients with inherent thrombocytopenia and MDS are caused by a variety of etiologies, 

such as a mitochondrial defect, which consists of a small fraction of the patients (8, 9). 

Nevertheless, a combination of LLL with rHuIL-11, romiplostim, or eltrombopag may 

additively or synergistically augment platelet biogenesis and reduce dose-dependent side 

effects of these agents, thus extending the application of these agents to some of the inherent 

thrombocytopenia or MDS (2), because these agents target early stages of thrombopoiesis 

that are distinct from LLL. To date, there is no agent, to the best of our knowledge, that 

specifically targets proplatelet formation or downstream of megakaryopoiesis.

The mechanism underlying LLL-mediated thrombopoiesis relies primarily on its unique 

effects on mitochondria. LLL protected MKs from apoptosis induced by a mitochondrion-

dependent pathway like IR as has been demonstrated by a number of studies (34). Next, 

LLL specifically augmented mitochondrial biogenesis in MKs, which has never been shown 

in other types of cells and is ascribed to a polyploidy of MKs, a unique character of MKs. A 

previous study demonstrated that near-infrared light exposure increased Pgc1a expression by 

about 20% in mouse muscle cells, but expression of the downstream mitochondrial 

component genes (Tfam, Nrf-1, Sirt3,and cytochrome c) was unaltered (27). Likewise, LLL 

increased Pgc1a transcription in BMs and LSKs, concomitant with no mitochondrial 

biogenesis or increases in expression of other downstream genes. This unique effect of LLL 

on mitochondrial biogenesis in polyploid MKs is consistent with functional amplification of 

MK genome required for increasing synthesis of proteins in association with platelet 

function in parallel with cell enlargement (28). The specific MK effect of LLL explains why 

LLL profoundly affects MKs while having little impact on BM nucleated cells, LSKs, 

lymphocytes, and red blood cells under similar conditions.

The ability of LLL to increase MK mitochondrial biogenesis and mitochondrial activity is 

likely to be essential in its thrombopoietic effect (35), deduced from a correlation between 

ATP production and platelet generation. A high energy demand during proplatelet formation 

is also consistent with in vivo platelet biogenesis in which MKs migrate toward BM 

sinusoids during proplatelet formation, where oxygen levels are elevated to secure a great 

deal of mitochondrial oxidative phosphorylation (36); this is in contrast to HSCs that reside 

predominantly in low-oxygen niches in the bones (37). Likewise, MKs tend to form 

proplatelets in pulmonary capillary that also contains higher levels of oxygen (38). In 

contrast, inadequate activity of mitochondria lacking IEX-1 hinders proplatelet formation, 

which could be normalized by LLL treatment. Direct evidence of ATP importance in 

proplatelet formation comes from the studies of Richardson et al. (6, 7), where they showed 

that ATP activated proplatelet elongation and significantly enhanced proplatelet growth. 
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Thus, ATP is likely a rate-determining factor in the late stage of thrombopoiesis, providing 

further insight into how platelet production can be enhanced both in vitro and in vivo.

LLL therapy has been routinely used in the clinics for analgesic, anti-inflammation, and 

wound healing for more than two decades with a long record of safety. This safe, drug-free, 

and donor-independent modality can be readily adopted by most practitioners as a 

standalone or complement treatment of thrombocytopenia. Currently, no LLL device can 

simultaneously illuminate a majority of human BM (whole body) with sufficient laser 

energy of 3 J/cm2. Such a device will be needed to noninvasively enhance platelet biogenesis 

in large animals and subsequent clinical trials in the future. It is worthwhile to emphasize 

that this modality is not intended to replace platelet transfusions in the management of 

bleeding, but rather to greatly reduce the need of platelet transfusion and offer prophylaxis 

and therapeutics of thrombocytopenia.

MATERIALS AND METHODS

Study design

The study aimed at determining the effects of LLL on platelet biogenesis and its therapeutic 

and prophylactic potentials for thrombocytopenia. We hypothesized that LLL could enhance 

platelet biogenesis in light of its ability to augment mitochondrial activity. For all ex vivo 

studies, we used primary MKs from mouse BMs or human CD34+ cell–derived cultures. 

The effect of LLL was evaluated by LLL-mediated increases of ATP content, mitochondrial 

mass, proplatelets or platelets of MKs, and mitochondria-related gene expression. The 

number of experiments (including biological and technical replicates) is defined in each 

figure legend. For in vivo experiments, three different mouse models were tested to validate 

the ability of LLL to cure or ameliorate thrombocytopenia induced by IR, immune depletion 

(ITP), and 5-FU (chemotherapy), which comprise most of the acquired thrombocytopenia 

seen in the clinic. All mice were randomly divided to different experiment groups, and the 

numbers of mice are outlined in each figure legend. The end point is either the moribundity 

for mice or a loss of body weight more than 15% in accordance with Institutional Animal 

Care and Use Committee guidelines. The sample size was determined using power analysis 

to give a statistical power of >90% and SD of 0.1 based on the expected experiment result at 

α =0.05. Investigators were blinded to all cell and mouse treatment groups. All outliers of 

study subjects were included in the data analysis.

Mice

Pgc1a+/− and C57BL/6 mice of either gender at 8 to 12 weeks of age were purchased from 

the Jackson Laboratory. Wild-type and IEX-1 KO mice on a 129Sv/C57BL/6 background 

were generated in our laboratory (16). ITP was induced by daily intraperitoneal injection of 

anti-CD41 antibody (BD Biosciences) for a total of 8 days at 0.1 mg/kg body weight per 

day. For chemotherapy-induced thrombocytopenia, mice were treated once by 

intraperitoneal injection of 5-FU (Sigma) at 150 mg/kg body weight. IR at 3 Gy was 

performed using a 137Cs γ-irradiator (Mark I, model 30, J.L. Shepherd). The animal 

protocols were approved by the subcommittee on Research Animal Care of the 

Zhang et al. Page 10

Sci Transl Med. Author manuscript; available in PMC 2020 July 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Massachusetts General Hospital, according to the National Institutes of Health Guide for the 
Care and Use of Laboratory Animals.

LLL treatment

For ex vivo illumination, 810-nm diode laser (PhotoThera) was set as continuous wave with 

a power density of 15 mW/cm2 for 3 min and 20 s to obtain an energy density of 3 J/cm2. 

For whole-body LLL illumination, a hair-removed mouse was placed in a light-transparent, 

small plastic box and positioned under the laser lens that covered the whole trunk and limbs. 

The power density of LLL was 100 mW/cm2, with a total exposure time of 5 min to obtain 

an energy density of 30 J/cm2. The first dose of LLL was given at 4 to 6 hours after IR or 5-

FU treatment or 3 days after the first anti-CD41 antibody injection. Sham light was 

administered with a small soft white LED light bulb (3 W, A15) from General Electric. To 

measure the laser power transmission, fresh skin, muscle, and vertebral bone layers were 

removed immediately after mice were sacrificed and exposed to varying lasers. The 

penetrated light was measured by a laser power meter (Ophir Nova II), and a difference in 

light power on the surface of the skin and beneath the bone layer was calculated as a 

transmittance rate (%).

Fluorescence-activated cell sorting

MouseBMswereincubatedwithanti-CD41–allophycocyanin(BioLegend), and mature MKs 

were sorted on a FACSAria (BD Biosciences) on the basis of CD41+ FSChigh. Alternatively, 

mouse BMs were incubated first with anti-CD41–FITC and 10 μM Hoechst 33342 (Sigma). 

MKs were sorted into 2N/4N and ≥8N fractions as previously described (29). Details and 

additional methods are provided in Supplementary Materials and Methods.

Human MK and platelet cultures

Frozen human CD34+ cells were obtained from STEMCELL Technologies and 

differentiated in serum-free expansion medium supplemented with human TPO (100 ng/ml) 

(PeproTech) (32). During the culture, megakaryocytic differentiation stages were routinely 

evaluated by May-Grünwald-Giemsa staining (Sigma) and CD41 levels via flow cytometry. 

CD34+ cells, MK progenitors, mature MKs, or platelets were collected on day 0, 6, 12, or 15 

of the culture, respectively.

Statistical analysis

Data are presented as means ± SEM. Statistical significance was assessed with two-tailed 

Student’s t test for comparison between two groups or one-way ANOVA for multiple group 

comparison. A value of P < 0.05 was considered statistically significant. The relationship 

between ATP level and platelets was tested by regression and correlation analysis, and 

coefficient of determination (R2) was calculated. All statistical analyses were performed 

using GraphPad Prism 6.0 (GraphPad Software).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. LLL promotes MK maturation and platelet production.
(A) Illustration of timeline for ex vivo platelet differentiation from MKs. CD41+ FSChigh 

MKs were sorted from BMs, treated with or without LLL, and cultured in MK medium. 

MKs were collected 1 hour later for cellular ATP measurement, 1 day for studying 

proplatelet formation (PPF), or 3 days for counting platelets. (B) ATP was measured in 5 × 

104 MKs treated with LLL at various energy densities. Data are means ± SEM (n = 6). *P < 

0.05, **P < 0.01 versus 0 J/cm2. (C) Sizes of CD41+ MKs were analyzed by flow cytometric 

analysis of FSC before and after 24-hour differentiation. Data are means ± SEM (n = 6). (D) 

Representative transmission electron micrographs of MKs at 0 and 24 hours after LLL from 

at least 6 samples per group with 30 cells in each group. Data quantifying the major 

diameter of MKs are means ± SEM. N, nuclear; IMS, invaginated membrane system. Scale 

bar, 5 μm. (E) The number of platelets (PLTs) derived from 1 × 104 MKs was estimated 3 

days after LLL on the basis of CD41 expression and FSC/side scatter (SSC). Data are means 
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± SEM (n = 6). (F) Representative images of PPF-MKs at 24 hours after LLL. Small was 

considered <100 μm, and large was ≥100 μm in PPF-MK diameter. Black arrowheads 

represent one of many protrusions on proplatelet shafts. White arrowheads indicate the 

nucleus. Scale bar, 25 μm. (G) The percentages of small or large PPF-MKs, as defined in 

(F), of at least 500 MKs analyzed per sample and 6 samples per group are shown as means ± 

SEM. (H) Sorted MKs were treated with or without LLL, labeled with the fluorophore 

CFSE, and infused into recipient mice at 1 × 105 cells per mouse. Percentages of resultant 

CFSE+ platelets in recipients at indicated days are shown. Data are means ± SEM (n = 10). 

***P < 0.001 compared to controls. P values were determined by one-way analysis of 

variance (ANOVA) (B to D and H) or two-tailed Student’s t test (E and G).
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Fig. 2. Thrombopoietic effect of LLL is ATP-dependent.
(A) Correlations between MK ATP levels at 1 hour after LLL and platelets measured 3 days 

later were analyzed (n = 12). The coefficient of determination (R2) and P value were 

determined by regression and correlation analysis. (B and C) Effects of LLL on platelet 

production (B) and ATP synthesis (C) were inhibited by OA (5 μg/ml). Data are means ± 

SEM (n = 6). (D) Wild-type (WT) and IEX-1 KO BM nucleated cells were stained with anti-

CD41 antibody and JC1. Mitochondrial membrane potential of CD41+ FSChigh MKs was 

determined by flow cytometric analysis of red J-aggregate fluorescence at 590 nm. Data 

represent three independent experiments. (E) Sorted MKs were treated with or without LLL 

and differentiated for 1 hour before ATP measurement as in Fig. 1B. Data are means ± SEM 

(n = 6). (F) Representative images of PPF-MKs were obtained at 24 hours after LLL from at 
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least 6 samples per group with 25 cells in each group. Scale bar, 25 μm. (G) Cell diameters 

in (F) were shown, each symbol represents a single PPF-MK. (H) The number of platelets 

derived from 1 × 104 MKs was estimated 3 days after LLL on the basis of CD41 expression 

and FSC/SSC. Data are means ± SEM (n = 6). P values in (B) to (H) were determined by 

one-way ANOVA.
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Fig. 3. LLL stimulates mitochondrial biogenesis in polyploid MKs.
(A) ATP was measured in MKs, BMs, or LSKs for indicated times after LLL. Data are 

means ± SEM (n = 6). **P < 0.01, ***P < 0.001 versus 0 min. (B) At 24 hours after LLL, 

the indicated cells were stained with MitoTracker and analyzed by flow cytometry. Data are 

means ± SEM (n = 6). MFI, mean fluorescence intensity. (C) Mitochondrial (mt) DNA 

content of MKs was measured by real-time polymerase chain reaction (PCR) and 

normalized with nuclear (nu) DNA. Data are from three independent experiments with each 

in triplicate and expressed as means ± SEM. (D) Pgc1a transcript was measured at 4 hours 

after LLL, and other gene transcripts were measured at 16 hours after LLL, by quantitative 

reverse transcription PCR (qRT-PCR). Data are from three independent experiments with 

each in triplicate and expressed as means ± SEM. (E to I) MKs were sorted on the basis of 
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DNA content by staining with Hoechst 33342 and anti-CD41–fluorescein isothiocyanate 

(FITC) (E), treated with LLL or sham light, and subjected to flow cytometric analysis with 

MitoTracker 24 hours later (F) or qRT-PCR analysis of Pgc1a transcript 4 hours after LLL 

(G), and other gene transcripts 16 hours after LLL (H). The number of platelets derived from 

1 × 104 MKs was estimated 3 days after LLL (I). Data are from three independent 

experiments with each in triplicate and expressed as means ± SEM. (J to L) Representative 

transmission electron micrographs of MKs at 24 hours after LLL. Scale bar, 5 μm. The 

mitochondrial number of each MK (K) and the shortest distance between each 

mitochondrion and nearest nuclear region (L) were measured by ImageJ software from at 

least 30 MKs per group. Data are from three independent experiments with each in triplicate 

and expressed as means ± SEM. *P < 0.05 compared with non-LLL controls. P values were 

determined by one-way ANOVA (A) or two-tailed Student’s t test (B to L).
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Fig. 4. LLL penetrates into the bones of mice.
(A) Transmittance (%) of indicated LLL modes was measured beneath mouse fresh skin and 

vertebral bones using a laser power meter. Data are means ± SEM (n = 6). CW, continuous 

wave. (B) BMs were isolated from indicated bones at 1 hour after whole-body LLL 

illumination at 30 J/cm2 to determine ATP levels as in Fig. 1B. Data are means ± SEM (n = 

6). (C and D) At 24 hours after whole-body LLL illumination, mice were intravenously 

injected with anti-CD41–FITC (green) and anti-CD105–phycoerythrin (red) and sacrificed 

15 min later. Fresh femurs were then removed from the mice and examined by confocal 

microscope (C). Arrows indicate MKs. Scale bar, 50 μm. Percentages of PPF-MKs were 

determined from at least 50 MKs per femur and 6 samples per group (D). Data are from 

three independent experiments with each in triplicate and expressed as means ± SEM. P 
value was determined by one-way ANOVA (A) or two-tailed Student’s t test (B and D).
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Fig. 5. LLL ameliorates thrombocytopenia induced by IR in vivo.
(A) Complete blood counts of white blood cells (WBCs), lymphocytes, monocytes, 

granulocytes, and red blood cells (RBCs) in 3-Gy γ-irradiated mice 2 weeks after IR. Data 

are means ± SEM (n = 15). (B) Platelet counts were obtained at indicated days in 3-Gy γ-

irradiated mice (IR), or IR mice treated with LLL once at 6 hours after IR (IR + 1×LLL), 

once a day on days 0 and 1 (IR + 2×LLL), or once a day from day 0 to day 3 (IR + 4×LLL). 

Data are means ± SEM (n =15). *P < 0.05, **P < 0.01, ***P < 0.001 versus IR. (C) The tail 

bleeding time of each mouse was examined at 2 weeks after IR and presented by individual 

symbols. (D) Platelet volume of each mouse was examined at 2 weeks after IR. Data are 

means ± SEM (n = 10). (E) Representative transmission electron micrographs of platelets 

isolated from indicated mice at 2 weeks after IR. Scale bar, 1 μm. (F) Platelets isolated from 
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non-IR control and IR + 4×LLL mice 2 weeks after LLL were labeled with either anti-CD9 

or anti-CD31 antibody, mixed, and stimulated with phorbol 12-myristate 13-acetate (100 ng/

ml). Aggregated platelets indicated by double-colored events were quantified by flow 

cytometry and presented as mean percentages ± SEM (n = 6). (G) Circulating platelets and 

BM MKs remain within the steady-state levels in mice treated with LLL at 30 J/cm2 once 

every other day for 12 days. Data are mean percentages ± SEM of changes relative to 

baseline (n = 6). (H) Effects of four doses of LLL on the number of MKs in γ-irradiated 

mice over time. Data are mean numbers ± SEM of MKs per femur at indicated days (n = 6). 

*P <0.05, ***P < 0.001 comparedwith IR group. P values were determined by two-tailed 

Student’s t test (A and H) or one-way ANOVA (B to D).
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Fig. 6. LLL alleviates thrombocytopenia induced by anti-CD41 antibody or 5-FU in mice.
(A and B) Mice were administered daily with anti-CD41 antibody (0.1 mg/kg) over 8 days. 

LLL was given daily from day 3 to day 7 (arrows). (A) Platelet counts were measured daily 

at 6 hours after LLL. Data are means ± SEM (n = 6). (B) Tail bleeding time was examined 

on day 5. Controls are naïve mice without any treatment. Data are individual animals with 

mean (n = 6). **P < 0.01, ***P < 0.001 versus anti-CD41, unless otherwise noted. (C and 

D) Mice were injected with 5-FU (150 mg/kg) on day 0. LLL was given daily for three 

consecutive days starting at 4 hours after 5-FU injection. (C) Platelet counts were measured 

daily at 6 hours after LLL. Data are means ± SEM (n = 6). (D) Tail bleeding time was 

examined on day 4. *P < 0.05, ***P < 0.001 versus 5-FU, unless otherwise noted. All P 
values were determined by one-way ANOVA.
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Fig. 7. LLL significantly enhances platelet generation in human MKs.
(A) Illustration of timeline for ex vivo platelet differentiation from human CD34+ cells. 

CD34+ cells differentiated predominantly into MK progenitors in 6 days, MKs in 12 days, 

and platelets in 15 days. (B) ATP was measured in CD34+-derived MKs treated with LLL at 

various energy densities as in Fig. 1B. Data were obtained from three independent 

experiments with each in triplicate. *P < 0.05, **P < 0.01 versus 0 J/cm2, by one-way 

ANOVA. (C) Ploidy analysis of CD34+ cultures on day 0, 6, or 12 using Hoechst 33342 

staining. Data represent three independent experiments. (D) LLL at 3 J/cm2 was 

administered on day 0, 6, or 12 during CD34+ cell differentiation. Platelets were quantified 

on day 15 by flow cytometry and expressed as mean numbers ± SEM of platelets derived 

from 1 × 104 CD34+ cells. Data were obtained from three independent experiments with 

each in triplicate. P values were determined by one-way ANOVA.
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