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Key Points

· Following resolution of cytokine storm, anemia persisted and improved slowly to normal over six months in previously healthy individuals.

· Dysgranulopoiesis followed cytokine release syndrome and improved over 20 days concomitant with increasing IL-10 expression.

Introduction
	Cytokine storm occurs following an immune imbalance favoring excessive proinflammatory cytokine release1-3. The result is ongoing inflammation, tissue damage, multi-organ failure and death if the cytokine release syndrome (CRS) is not contained1-3. Most CRS studies focus on the immune activation and acute response phase; little is known about longer-term effects on responding organs1-6. Bone marrow (BM) is the most productive human organ, generating hundreds of billions of cells daily during homeostasis, and is likely the most affected by CRS. Granulocytes become toxic during acute inflammation and can appear dysplastic thereafter, though the permanency of these changes is unclear7,8. Anemia of inflammation (AI) is a result of over-production of pro-inflammatory cytokines such as IL-6, TNFα and IFNγ, causing BM monocytes and dendritic cells to phagocytose erythrocytes in the acute phase and, in response, release IL-10 resulting in immunomodulation9-13. Although these effects of iron-restricted AI have been assessed in animal models and in in vitro systems, most of the human data come from observational studies in patients with chronic conditions and can be difficult to interpret9-16. Following LPS injection in healthy humans, normocytic anemia occurs rapidly due to iron restriction by high hepcidin, presumably to sequester iron away from invading microbes17; however, the natural resolution of this state and immune-correlative effects over time have not previously been reported.
TGN1412 was a superagonist monoclonal antibody targeting CD28 that induced T-regulatory lymphocytosis in preclinical models18,19. In 2006, it caused CRS in six healthy volunteers in a first-in-man study1. The immunological mechanism of TGN1412-induced CRS, characterized by an initial spike of TNFα, early lung decompensation and lymphocyte depletion, remains unclear. In addition to the serious adverse event (SAE) from which all recovered, the patients suffered from similar hematopoietic changes: (1) mild-to-moderate normocytic anemia occurred within hours, (2) concurrent neutrophilia with toxic granulation followed by morphologic dysplasia and, (3) initial thrombocytopenia with disseminated intravascular coagulation followed by reactive thrombocytosis resolving within one month1. The long-term follow-up of these otherwise healthy, young patients following CRS offers an opportunity to uncover the natural resolution of the hematopoietic, immunologic and cytokine responses over time. Despite clinical improvement and termination of CRS within days, the anemia persisted in all patients with hemoglobin reaching baseline levels as much as six months after the CRS; granulocyte dysplasia continued for 20 days in association with increased expression of CD69 and IL-4 but reduced IL-10. Along with immune cell subset and cytokine correlates monitored over two years (submitted), these observations offer unique insights into the expected changes in myelopoiesis in response to acute inflammation. 



Methods
Patients and sources of data
The authors of this work were not involved with clinical or pre-clinical testing of TGN1412, which was produced by TeGenero AG (Wϋrzburg, Germany), and manufactured by Boehringer Ingelheim (Germany). The first-in-man clinical trial was conducted by the contract research organization, PAREXEL International (Waltham, MA, USA). Details of the trial and the first 30 days of clinical follow-up have been previously reported1. Overall clinical care and immune monitoring was coordinated and interpreted by the lead clinician (NP) after the SAE occurred (submitted). Blood sampling for clinical assessment started 12 hours after infusion and was performed at the clinical pathology accredited hematology laboratory in the National Health Service clinical facilities of Northwick Park Hospital (London, UK) using standard operating procedures and pre-determined normal values; testing for immunological parameters and granulocyte side scatter (SSC) properties began on day (D)10, and the data presented herein extend to two years. The six trial patients who received TGN1412 had no notable medical history, were male and had a median age of 29.5 years (range 19-34); all were well preceding the clinical trial. Patients B and C were lost to laboratory follow-up after 15 and 22 months, respectively. The patients have given written informed consent to data publication.

Flow cytometry
Whole blood was obtained by venepuncture into sodium-heparin Vacutainers (Becton-Dickinson) and directly labelled with monoclonal antibodies for surface staining or intracellular detection of cytokines IL-4 (Clone MP4-25D2), IL-10 (Clone JES3-9D7) and IFN-γ (Clone D9D10), all from AbD Serotec, as previously described20. Data were acquired by FACSCalibur flow-cytometer using CellQuest software (Becton-Dickinson). Analysis was performed using WinList software (Verity Software House, Maine)20. Graphs were prepared using SigmaPlot™11.0 software (Systat Software UK Ltd, London).

Results and Discussion

All patients had a normal hemoglobin, prior to TGN1412 infusion (median 15.4g/dL, range 15.1-15.9g/dL). Eight hours later, they had anemia (median 11.7g/dL, range 11.0-14.1g/dL) which, despite CRS resolution and clinical improvement of most patients within five days, persisted with slow recovery to normal over six months (Figure 1a). The mean corpuscular volume (MCV) was maintained within normal range. However, when plotted over time, an initial increase, likely from reticulocytosis, followed by a decline reaching nadir at six months was observed, prior to normalizing thereafter (Figure 1b). The anemia was accompanied by hypoferritinemia and low-normal vitamin B12 and red blood cell folate levels (first assessed at D133/4.4 months following TGN1412 infusion; data not shown) despite early supplementation, which eventually returned to normal in four patients over the two-year follow-up. Transferrin saturations were in low-to-mid-normal range (median 29.5%, range 19-42%; normal 20-45%) at D170-175 following infusion. Hepcidin was not evaluated; initial high levels followed by a decline would be expected, concomitant with normalization of parameters by six months and consistent with acute iron-restricted AI9,10,14,17. These changes were independent of erythropoietin levels apart from an initial spike, confirming other reports (submitted)9,15,16. Anemia resolution was concordant with dynamic shifts in serum IL-11, IL-15, IL-17 and IL-6 over the first six months, and a sudden super-physiologic rise in plasmacytoid dendritic cells  and CD8+/CD45RA+/CD45RO- T-cells (submitted). Effects of these immune cell populations on anemia is unclear; the initial monocytopenia and dendritic cell depletion from blood may be a reflection of hemophagocytosis occurring during the acute phase of CRS11-13. The final resolution of hemophagocytic activity may have resulted in a shift of hematopoiesis from myeloid to erythroid and lymphoid, reflected in changes in blood immune subsets21,22.
Granulocytes were initially toxic-appearing following TGN1412-induced CRS1; within 24 hours we observed pseudo-pelger morphology with hypogranularity1 that resembled phenotypic changes often identified in patients with MDS23-25. These dysplastic features persisted with slow resolution to normal over 20 days (Figure 2a-c) and coincided with the recovery kinetics of classical and plasmacytoid dendritic cells (submitted); in contrast, monocyte recovery had occurred by D101. Neutrophil counts were initially high during CRS, then normalized1. More neutrophils expressed the activation marker CD69 (Figure 2d), compared with those of healthy controls over the first 4.5 months, and released more IL-4 than IL-10 at D15; by D30, this profile reversed with counter-balanced circannual cycling thereafter over seven months (Supplementary Figure 1).
The TGN1412-induced cytokine storm offers unique insights into the pathogenesis of AI and dysgranulopoiesis associated with CRS in the absence of concurrent pathology. Although dysgranulopoiesis resolved within 20 days, anemia persisted for up to six months and was a consistent observation in all previously healthy recipients. These human data confirm previously observed animal models wherein myelopoiesis is favored at the expense of erythropoiesis and lymphopoiesis in the setting of inflammation21,22, are consistent with the findings of other in vivo and in vitro AI models9-17, and offer immunological correlates and insights into the hematopoiesis of inflammation, ageing, and BM failure disorders such as MDS. 
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Figure Legends

Figure 1. Patient hemoglobin and MCV values over two years following TGN1412-induced CRS. (a) Hemoglobin levels and (b) MCV from 10 days following TGN1412 infusion are shown with median and inter-quartile ranges of the grouped patient data (the normal laboratory range is represented by the dashed lines).

[bookmark: _GoBack]Figure 2. Characteristics of granulocytes over two years following TGN1412-induced CRS. (a) Granulocytes were identified by their characteristic forward-scatterhi (FSChi) / SSChi profile (R1), and the geometric mean SSC (corresponding to granularity) of this population was determined. A healthy control data-set of 24 healthy individuals was acquired in parallel with each series of patient samples in order to normalize the values; the grouped patient data in (b) and each patient dataset in (c) are presented as granulocyte SSC ratio (geometric mean of patient cells:geometric mean of control cells from each time-point matched healthy donor). (d) Granulocyte activation is indicated by CD69 expression for grouped patient data (left panel) and each patient dataset (right panel). Median and inter-quartile ranges are shown for grouped patient data in (b) and (d). The median (dotted line) and inter-quartile ranges (solid grey line) for healthy control subjects are also shown. 
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